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Abstract: New technological and scientific advances in the development of sensors and actuators
demand the development of new devices to deal with recent problems and challenges in these new
and emerging processes. Moreover, paper-based devices have tremendous potential for developing
actuators as paper exhibits capillary transport and hygroexpansion due to swelling of the fibers
when absorbing water. Therefore, this paper proposes a mini actuator that is based on a hygro-
thermal-paper-based cantilever beam that is activated by means of a droplet of an aqueous solution
in combination with a circulating electrical current to analyze its response. The contribution of this
proposal includes the analysis of the flexural response of the mini actuator when it is tested by using
two different solutions: distilled water and a water/alcohol solution. Additionally, four cases related
to the droplet volume are studied and a statistical analysis of the bending responses is presented.
The results achieved show that that water-alcohol solutions have a lower deviation in comparison
with water only. Moreover, it is demonstrated that a specific change in the maximum displacement is
obtained according to the volume and the type of solution. Thus, it is suggested that the response of
the mini actuator can be tuned using different aqueous solutions.

Keywords: mini actuator; paper-based sensor; hygroexpansion

1. Introduction

Currently, new technological and scientific advances are leading to complex processes
in different fields; additionally, emerging technology has led to new challenges that must
be addressed. On the other side, the increasing demands of large deformation devices such
as wearable sensors have also led to the use of different materials in which flexibility and
softness properties have been of interest. Additionally, the flexibility of soft materials has
been exploited, aiming to implemented and/or apply and evaluate it in soft pneumatic actu-
ators (SPAs) fabricated with an injection of air and silicone rubber coating [1]. Accordingly,
magnetic actuators have also been implemented with soft materials to control locomotion in
robots [2–4]. In this regard, the electromechanical response of soft materials has been evalu-
ated using polymer composites to associate the actuator displacement with the changes in
dielectric constant [5]. Particularly, thermal actuators have been implemented using the
bending response caused by the application of an electric field which is related to the speed
of actuator response, aiming to provide solutions for recent applications [6]. However,
challenges have recently arisen in the development of new actuators; the fabrication process
requires a long time or specialized equipment to fabricate such devices. Moreover, the
material is non-biodegradable. For this reason, the investigation of biodegradable materials
has gained importance in the development of actuators [7]. On the other hand, paper
and graphene have been used and combined to contribute to the development of strain
sensors [8]. In this sense, the flexibility of these materials has been also exploited for the
development of soft-actuators and humidity sensors [9]. Likewise, other properties such
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as electrical resistance have been also analyzed in order to provide feasible routes for
constructing efficient sensors that may produce efficient electrical stimuli [10]. Yet although
recent studies have contributed and lead to significative advances, a drawback has arisen,
as this material requires specialized treatment for its deposition on paper.

Paper-based microfluidic systems have been broadly studied due to the characteristics
associated with the acronym ASSURED (Affordable, Sensitive, Specific, User-Friendly,
Rapid and Robust, Equipment Free, Deliverable to all end-users) [11]. These character-
istics have been exploited and have led to the development of diverse systems such as
lab-on-a-chip devices in applications such as the photoelectrochemical (PEC) visual sens-
ing systems [12,13]; additionally, they have been implemented in analytical devices that
represent affordable solutions, capable of measuring microfluidic responses [14,15], and
such characteristics have intentionally led to the design and development of sophisticated
devices that have been implemented as a part of personalized health care procedures includ-
ing emergency, ambulatory, and remote areas [16]. Additionally, it should be highlighted
that properties such as biodegradability and low cost make paper a suitable option for the
development of gas, humidity, strain, and pressure sensors [17–19]. Other application fields
are involved with the development of sensors in medical applications, such as using paper
for physiological monitoring [20], where properties such as the elasticity of paper have been
the object of study for the design and fabrication of wearable devices [21]. Furthermore, the
flexibility of paper has also been considered for the implementation of wearable devices in
health monitoring [22,23].

Therefore, the aforementioned properties, such as biodegradability and flexibility,
have been studied to evaluate the response of paper to different actuation stimuli [24]. One
of the most important properties is its mechanical response which has been studied and
addressed through the analysis of the response under tension and compression loads [25].
These properties have been implemented together with the electric response of the material
to develop electromechanical actuators [26]. Electroactive paper (EAPap), which bends
when an electric field is applied to the electrodes of the device [27], has actuation principles
that have been implemented using different combinations of materials [28]. Thermal
actuation has also been used to measure bending angles in a bonding beam made of
graphite paper and polyimide film (PI) when an electric field is applied [29]. Furthermore,
the response to temperature gradients has also been implemented for the design of electric
switches [30]. The motion in paper-based systems has been also studied under the effects
of fluid-related phenomena such as capillarity [31] and moisture gradients that cause
curling on paper [32]. Relative and local humidity changes have also been associated
with the mechanical response of paper bending by hygroexpansion [33] and have been
combined with the use of light irradiation [34]. Hamedi et al. at [35] implemented a
hygroexpansive electrothermal paper actuator (HEPA) in a bilayer configuration which
consists of paper, conducting polymer, and adhesive tape. This device uses a conductive
path to generate the necessary heat, and in combination with the principle of absorption of
moisture causes actuation. Moreover, the influence of humidity and temperature changes
on the mechanical response of paper-based actuators has been studied using numeric
methods [36]. These humidity-based actuators have a faster response to humidity changes
and a good response to the thermal effect generated by the conductive path, but the control
of humidity was implemented in a controlled chamber with a humidifier. Nevertheless,
the use of a localized moisture gradient caused by a droplet has not been implemented to
induce actuator movement. This actuation principle may be of interest in the field as it can
be fully integrated with paper-based microfluidic devices.

Therefore, this paper proposes a hygro-thermal-mechanical paper-based mini actuator
triggered by a microliter droplet of an aqueous solution. The mini actuator consists of
a cantilever beam with a conductive path to accelerate the evaporation time of aqueous
solutions. To evaluate the flexural actuator response, different solution volumes were tested
in the actuator. The local increment of moisture content on the mini actuator is produced by
a droplet of an aqueous solution placed directly on the surface of the mini actuator with a
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micropipette. The movement is induced by the hygroexpansion effect, and the ‘going-back’
motion through the evaporation which is accelerated by a current across the conductive
path. Two aqueous solutions were used to evaluate the response of the actuator: distilled
water, used as a reference case, and a mix of distilled water with alcohol using different
volumes. It was found that the maximum deflection produced by the actuation principle is
associated with the solution volume and that the time response to reverse this motion is
associated with the solution’s characteristics. The results show that distilled water with
alcohol produces a faster actuation in comparison with distilled water due to the faster
evaporation of alcohol.

2. Materials and Methods

In this section the working principle, materials, and experimental set up are described.
Likewise, the proposed mini actuator and tuning response by droplet volumes are presented.

2.1. Mini Actuator Working Principle

The matrix of cellulose-based materials provides an excellent medium to transport liq-
uids without external forces. When paper interacts with liquids, its mechanical properties
are modified, i.e., by the softening of paper and the reduction in its elasticity module [37–39].
This is caused by the interaction between the liquid and the cellulose fibers. The cellulose
fibers are expanded or contracted due to this interaction. As a result, deformation phe-
nomena such as creeping, waving, curling, and deflection are observed at the macroscopic
level [40]. Perez et al. [41] took advantage of this phenomenon by developing a paper-based
device for the characterization of binary aqueous solutions. This was achieved by modelling
the bending response of a paper-based cantilever beam. However, this response is in the
static/quasi-static domain due to the slowness of the deflection response. The increasing
demand of eco-friendly, affordable, and portable devices involving paper-based mechanical
systems demands more knowledge about the dynamic behavior of humidified/wetted
paper to produce paper-based actuators with faster responses.

The proposed mini actuator is based on the hygro-thermal-mechanical response of
paper that consists of a cantilever beam with a conductive path that was fabricated to
accelerate the evaporation time of the aqueous solutions. Its working principle is depicted
following its activation response, which is induced by means of the imbibition of an
aqueous solution into the cantilever beam paper. The activation is illustrated precisely in
Figure 1. First, Figure 1a shows the proposed mini actuator in its initial position, where the
left end is the fixed end, which is connected to a current supply. Afterwards, a droplet of
an aqueous solution is deposited onto the surface of the cantilever beam, as can be seen in
Figure 1b; subsequently, the fibers of paper swell as their moisture content increases—this
is namely hygroexpansive strain. It has been suggested that swelling takes place as the
water molecules break and replace interchain bonds in cellulose [41]. As an example,
Figure 2 shows the hygroexpansive strain of dry and wet chromatography paper. In this
case, the hygroexpansive strain of 0.17 is measured along the thickness of the paper. Thus,
the motion or the activation response is produced due to the differential expansion of
paper and the conductive layer; this is represented in Figure 1c. As the thermal linear
expansion of the silver conductive path is in the order of 10−3 while the hygroexpansion is
two orders of magnitude greater (10−1), the contribution of thermal expansion is neglected
in this work. Finally, aiming to reduce the deactivation time (deswelling of fibers) of the
actuator due to drying process of paper, the heating produced by the conductive electrode
incorporated on the top of the beam leads the actuator to return to its initial position once
is fully dried, as depicted in Figure 1d. The conductive path has been designed to reach a
maximum temperature of approximately 40 ◦C to not compromise the integrity of paper
but provide heating to dry the mini actuator once is wetted after activation, following
Ansari and Cho [42].
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The reaction produced in the cantilever beam is quantified measuring the displacement
at the free end of the actuator; the whole activation procedure is shown in Figure 3. In
this sense, the mini actuator has an initial position as described in Figure 3a; this initial
position belongs to pinpoint (a) in the graph at initial time. Subsequently, the mini actuator
remains connected to the control current for five minutes. After this period, a droplet
solution is added to the beam as shown in Figure 3b; afterward, the paper hygroexpansion
induces a movement until a maximum displacement is reached; this located in the graph
as pinpoint (c) and is depicted by Figure 3c. Finally, due to the temperature reached due to
the conductive path, the actuator tip returns to a point that is close to its initial position.

2.2. Experimental Set Up

To evaluate the performance of the proposed paper-based mini actuator, different
cantilever beams were designed with similar geometrical characteristics such as a length,
width, and thickness of 35 mm, 5 mm, and 1 mm, respectively. All the actuators are
made of filter CST paper from Triton Electronics Ltd., Dunmow, Essex, UK. The silver
conductive ink is hand-printed on top of the cantilever beam; silver was selected because
of its good performance on porous materials like paper and because it remains over the
top layer and is not imbibed into the paper fibers. The shape and dimensions of the
conductive path are selected to ensure a specific resistance value of 2.9 ohms. Thus, the
geometrical representation of the proposed paper-based mini actuator, as well as the
materials employed, are presented in Figure 4a; it can be observed that the conductive
path is located on top of the filter paper and has a width of 1 mm. The beams are cut out
manually using a conventional knife, trying to retain as much similarity as possible. Thus,
the final size of the cantilever beam may be compared to the real size of a two-euro coin,
which is portrayed in Figure 4b.
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The experiment was performed in a controlled environment under laboratory con-
ditions; in Figure 5, the complete experimental test bench is shown, and consists of a
box of Plexiglas, with a holder to fix one of the ends of the cantilever beam (Figure 5A).
In order to ensure the repeatability of the experiments, the experimental test bench also
includes a support for the pipette and an illumination system in order to take pictures for
post-processing purposes (Figure 5B). To capture and measure the deflection response of
the cantilever beam, several pictures were acquired by handheld microscope and stored in
a personal computer (Figure 5C). Each tested beam was electrically connected to current
control circuitry to heat the conductive path during the experiment (Figure 5D). For further
details on control circuity please refer to Supplementary Figure S1. As can be observed in
Figure 5D, the current control was connected to a mini actuator using a connector. Finally,
the circuitry was connected to a regulated power supply designed to deliver 5V and to feed
the illumination system (Figure 5E).
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Figure 5. Experimental setup used for testing and to validate the proposed mini actuator composed
by: (A) the holder, (B) the illumination system, (C) the handheld microscope, (D) the current control,
and (E) the power supply.

2.3. Tuning Response of the Mini Actuator

Aiming to tune the response of the actuator produced by a distilled water droplet
(20 µL), the actuator response was first evaluated without the application of current. The
obtained response can be observed in Figure 6, where the red curve represents the actuator
response without current application; as can be observed, the actuator produced a flexural
response where the bending activation was faster than deactivation. Such a phenomenon is
due to the deactivation procedure taking a long time, since there is no current flow in the
conductor path and the temperature of the actuator cannot be increased; consequently, the
paper fibers take a long time to dry out. On the other side, also in Figure 6, the blue curve
depicts the obtained response related to the flexural displacement when several drops of
water are deposited in the actuator and when its conductive path is connected to current
control for adding heat. Due to the actuator path being subjected to current excitation,
an increase in the actuator temperature is achieved, allowing a faster dry-out; as can be
observed in Figure 6, the return to the initial position becomes faster with each droplet of
solution deposited. The current values are measured when the actuator path is subjected to
the current flow; thus, Figure 7 shows the current values measured during the experiment
each activation. It is possible to observe that variation in current values remains in a range
of 385 to 458 mA, which ensures the maximum temperature calculated.
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Although the conductive path is set to reach a maximum of 40 ◦C, it is expected that
the wetting activation of the paper-based actuator has a key role on the thermal response of
the beam. In this case, the authors proposed two means of tuning the response of the mini
actuator: (i) controlling the amount of heat while using water, and (ii) using alternative
aqueous solutions while setting a constant current throughout the conductive path. The
latter is adopted in this work; thus, a binary solution of distilled water and alcohol is
suggested for tuning the mini actuator response as its evaporation rate is faster than that of
distilled water. Moreover, a tuning of the bending response of the mini actuator by varying
the volume of water-alcohol is proposed. It is expected that, with a decrease in the volume
of solution deposited, the amplitude of deflection would decrease, for two reasons. First, as
the volume of liquid is decreased, a small hygroexpansion would occur. Second, with a
low volume of droplets deposited on the beam, the time for drying would be reduced.

In this regard, the displacement measurement was performed for seven samples per
volume deposited, which consisted of 20 µL of distilled water, and 20 µL, 15 µL, and 10 µL
of distilled water with alcohol in a proportion 50/50 v/v. The proposed volume of the
solution was selected by trial and error with the purpose of assessing the actuator response.
Due to its evaporation rate, the actuator response should return to the initial position
faster than in the distilled water case. The droplet was placed between the larger edges
of the beam, at 1 cm of length measured from the fixed end of the sample, as was shown
previously in Figure 2b. Subsequently, this experiment consisted of supplying a current
level to the mini actuator for 65 min to obtain ten activations per each tested cantilever
beam. The movement activation in the beam was performed by adding a droplet of solution
to the sample every 5 min; this time was selected because it was observed that it represents
the mean time that a sample requires to return to the reference point. Subsequently, pictures
of the beam were handled by a microscope, which was configured with a sampling time
of 7.4 s; the pictures were processed with the software ImageJ to obtain the displacement
change in the sample. In Figure 8a, a representation of the reference point for an initial time
is shown. Figure 8b illustrates the maximum deflection at the free end of the beam and the
reference level (dashed yellow line).
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3. Results and Discussions

The results achieved support and validate the proposed mini actuator and are pre-
sented in this section as well as the details and discussion regarding each experiment
performed. In order to obtain statistically significant results, a set of ten activations in a
row were performed on each mini actuator to evaluate its performance. Thus, in Figure 9
the displacements per beam for each corresponding amount of solution are represented
graphically. As can be observed, the achieved displacements are reported in millimeters;
in particular, the first case corresponds to a solution of 20 µL of distilled water [H2O]
as is shown in Figure 9a. Hence, Figure 9a shows the behavior of the seven beams and
the activation obtained by the addition of a micro droplet of water every five minutes.
Moreover, as can be observed, the measured displacement presents an increase that is
associated with the activation of each droplet solution by the addition of a micro droplet of
water every five minutes. During the experimentation, it was noticed that for some cases
the displacement of the beam rarely returned to the reference point. This phenomenon was
present because the water was absorbed by cellulose fibers due to hygroexpansion. For
that reason, the response obtained and shown in Figure 9a presents the curve tendency for
each sample displacement increased with time without reaching the reference point.

Accordingly, the remained of the experiments were carried out using a binary solution
composed of distilled water-alcohol. The alcohol used in this experiment was ethanol,
which produces a faster drying process in the paper due to its higher volatility, in compari-
son with the volatility of water. It is well known that volatility depends on the strength of
the liquid intermolecular bonds; in this regard, water has stronger intermolecular bonds in
comparison with ethanol. Therefore, it is easier for ethanol to break the interface between
liquid and gas when kinetic energy is added to the liquid. In this case, the kinetic energy
is added through the Joule effect caused by the current circulating in the conductive path.
Thus, it can be concluded that solutions in which water is mixed with ethanol have a faster
drying process. In this way, the second case also considers a solution volume of 20 µL of dis-
tilled water-alcohol; the solution was applied as previously described in Figure 9b, where
the achieved increases in displacement are shown. As can be appreciated, the resulting
tendency shows behavior that is contrary to the first case of study (Figure 9a); specifically,
the reference point is reached by each activation. This is because the evaporation time is
faster due to the chemical properties of alcohol. Likewise, Figure 9c,d show the obtained
displacements that belong to the third and fourth cases of study, that is, for 15 µL and 10 µL,
respectively. As can be observed in Figure 9c,d, the maximum displacement reached by
each activation is smaller than in the two previous cases. Additionally, the same behavior
is observed in the third and fourth cases of study. Through these obtained results, it can be
concluded that the maximum displacement is associated with fiber expansion due to the
solution volume.
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Furthermore, the experimental results show that the displacement per sample is
different for each type and volume solution. For this reason, in order to complement
the achieved results, a statistical analysis was performed by estimating the maximum
and mean/average displacement. Thus, the average displacement and the maximum
displacement were first computed for each analyzed sample; afterwards, the average
values per each case of study were obtained for both the mean displacement and the
maximum displacement, averaging the results obtained for each sample. Such comparison
was performed among the studied samples, estimating the standard deviation. As a
result, the maximum displacement average and the standard deviation for each experiment
are shown in Figure 10, where the horizontal axis corresponds to each study case and
the vertical axis represents the mean value. The error bar corresponds to one standard
deviation. Specifically, in Figure 10a the results obtained for maximum displacement are
shown; here, a tendency for the displacement to increase is observed. The values reached
for the binary solutions were 1.144 mm, 1.917 mm, and 2.827 mm for the cases of 10 µL,
15 µL, and 20 µL, respectively. On the other side, for the test with 20 µL of distilled water a
maximum average value of 6.340 mm was obtained, which is the highest value of all the
cases evaluated. Here, it can be noted that the use of a binary solution not only reduces the
time response but also the hygroexpansion of paper. The error bar for the case of water
is greater than the other cases; this may be related to the evaporation rate and the large
deformations of the beam due to the high expansion of the fibers. In Figure 10b the mean
values for each case of study are shown; as can be observed, the tendency is not clear due
to the quantity of values computed and slight differences between each case.
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4. Conclusions

In this work, a hygro-thermal-mechanical paper-based mini actuator triggered by
a microliter droplet of an aqueous solution was proposed. The novelty of this proposal
considers the design of the mini actuator to be installed as a cantilever beam with a
conductive path that leads to accelerated evaporation times of the aqueous solutions. The
proposed mini actuator is validated by its evaluation through its flexural response with
different solution volumes. In this regard, the response of the mini actuator was evaluated
for four cases. The first case study was carried out with distilled water, using 20 µL of
solution. The following three cases corresponded to the binary solution of alcohol and
distilled water. The amount of liquid placed on the samples in each experiment was 10,
15, and 20 µL. From the results of these studies, it was concluded that the maximum
displacement measured for each case was associated with the amount and type of solution.
Thus, it is possible to tune the response of the mini actuators using other aqueous solutions.
Additionally, the results suggest that the proposed mini actuator is suitable for microfluidic
applications, as it is activated by liquid transport, and its application in different fields
may lead to the solution of recent challenges/drawbacks that cannot be addressed by
conventional actuators. An automated calibration procedure based on embedded circuit
technology could be developed in future works, as well as numerical modeling of the
thermal and wetting phenomena to improve the design and to ensure the repeatability
of the device, with regard to the displacement levels that were reached in this present
work. Furthermore, the development of the proposed mini actuator should lead to new
devices that can be used in several applications in the field of microfluidics—certainly, in
applications such as electrochemical biosensors and piezoelectric biosensors.
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