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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
as electrical resistance have been also analyzed in order to provide feasible routes for
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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
micropipette. The movement is induced by the hygroexpansion effect, and the ‘going-back’
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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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(a) (b) 

  

(c) (d) 

Figure 1. Schematic of the actuation principle: (a) Initial position; (b) Activation by volume solution;
(c) Movement induced by hygroexpansion; (d) Deactivation/deswelling induced by current heating;
return to initial position.

 

Figure 2. Microscope cross section image of a piece of chromatography paper experiencing hygroex-
pansive strain along its thickness. Comparison of (a) dry thickness (hdry) and (b) wet thickness (hwet).

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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Figure 3. Activation/deactivation of paper cantilever-beam: (a) Initial position when connected to
current control; (b) After 5 min, activation by volume solution; (c) Maximum displacement induced
by hygroexpansion; (d) Deactivation/evaporation induced by current; return to initial position.

  
(a) (b) 

Figure 4. Comparative geometry schematic for sample mini actuator (a) Geometry and materials of
mini actuator; (b) Representation of the silver conductive ink hand printed on top of the cantilever
beam and its size compared with a two euro coin.

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.

Figure 6. Activation/deactivation time of paper-beam for 20 μL distilled water.
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Figure 7. Current measured during experiment with 20 μL of aqueous solution.

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).

7



Actuators 2022, 11, 94

  

(a) (b) 

Figure 8. Deflection measurement of the free end of the sample to measure the displacement changes
with respect to the reference line: (a) Reference guideline; (b) Measure deflection.

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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(a) (b) 

 
(c) (d) 

Figure 9. Measured displacement of each sample per amount of solution: (a) 20 μL distilled water;
(b) 20 μL distilled water with alcohol (OH); (c) 15 μL distilled water with alcohol (OH); (d) 10 μL
distilled water with alcohol (OH).

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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(a) (b) 

Figure 10. Mean values per study case: (a) Maximum displacement; (b) Mean displacement.

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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Abstract: The miniaturization of robots with locomotion abilities is a challenge of significant tech-
nological impact in many applications where large-scale robots have physical or cost restrictions.
Access to hostile environments, improving microfabrication processes, or advanced instrumentation
are examples of their potential use. Here, we propose a miniature 20 mm long sub-gram robot with
piezoelectric actuation whose direction of motion can be controlled. A differential drive approach
was implemented in an H-shaped 3D-printed motor platform featuring two plate resonators linked
at their center, with built-in legs. The locomotion was driven by the generation of standing waves on
each plate by means of piezoelectric patches excited with burst signals. The control of the motion
trajectory of the robot, either translation or rotation, was attained by adjusting the parameters of the
actuation signals such as the applied voltage, the number of applied cycles, or the driving frequency.
The robot demonstrated locomotion in bidirectional straight paths as long as 65 mm at 2 mm/s speed
with a voltage amplitude of only 10 V, and forward and backward precise steps as low as 1 μm. The
spinning of the robot could be controlled with turns as low as 0.013 deg. and angular speeds as high
as 3 deg./s under the same conditions. The proposed device was able to describe complex trajectories
of more than 160 mm, while carrying 70 times its own weight.

Keywords: robot; standing wave; piezoelectric; leg; miniature; steering; 3D printing

1. Introduction

Miniaturization of mobile robots is a growing field of research that has attracted
increased attention over many years, despite the remaining challenges to overcome. The
first generation of micro-robots was on the rise in the late 1980s and the early 1990s,
targeting cm-sized, self-propelling, and climbing machines. Many industries and academic
researchers have invested in the study of the principle of motion of various insects, in what
could be considered the original period of ‘bio-inspired’ engineering [1]. However, the
development of micro-machines and micro-robots is still a current topic of great interest. A
recent article by St. Pierre et al. [2] highlighted the difficulties associated with the decrease
in size of the robots concerning speed, control, and autonomy. The achievement of such
miniature-sized robots would imply lower cost and accessibility to areas forbidden to
larger robots [3].

The fabrication of miniature sub-gram robots is a remarkable feat, where different fabri-
cation technologies and actuation techniques have demonstrated encouraging results [4–7].
Alternatively, 3D printing is a promising approach that allows for the manufacture of
3D objects by successive layer-by-layer deposition with high resolution and flexibility in
geometry and materials [8–11]. When dealing with miniature robots, the minimum feature
size of the 3D printing technique is a major determinant of the accuracy of the design.
Besides, the stiffness of the material to be printed is a critical parameter to consider that
affects the performance of the device from a mechanical point of view. Among the different
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3D printing techniques, laser-based printers offer enough resolution when pursuing milli-
sized robots [10], and a photopolymer with a tensile modulus up to 10 GPa after curing is
already commercially available [12].

Regarding the actuation mechanism of small size robots, a wavelike motion of the body
of the robot, with attached passive legs, is a well stablished approach. The combination
of waves of standing nature (i.e., a vibration mode) with legs was already proposed in
the seminal paper by He et al. [13] for slider motion. Recent articles have reported the
achievement of standing-wave (SW) locomotion of robots at the mm-sized scale [14,15].
A step further is to steer the robot. Recent reports have shown the turning of milli-sized
robots by only tuning the frequency of actuation of the device [11,16]. More complex
steering techniques rely on individual control of the legs [17,18] or a differential-drive
approach by independent control of each side of the robot [19–21].

The long-term target of our work is the development of a low-cost sub-gram au-
tonomous robot capable of running through complex paths with high accuracy and re-
quiring low voltage signals. The robot should be able to carry power, processing, commu-
nication, and sensing devices, with a good balance between control and agility. Several
engineering challenges needed to be overcome to reach this goal, beginning with the design
and manufacture of a sub-gram low-cost locomotion platform. In this regard, here, we
propose a miniature 20 mm long sub-gram robot with piezoelectric actuation whose direc-
tion of motion can be controlled. The fabrication of the robots was based on 3D printing
and the locomotion of the printed robots was controlled by the generation of standing
waves (SW) associated with resonant bending modes. Various printing materials were
considered but stiffer materials resulted in a better performance in terms of quality factor
and conductance of the generated SWs. Regarding the steering technique, a differential
drive approach was implemented by means of two legged plates, joined together at the
middle length (H-shaped). The generation of SWs at each of the plates, together with
the proper location of the legs, allowed for the bidirectional locomotion. The actuation
was achieved by piezoelectric patches and the control of the motion path was attained
by controlling parameters such as the frequency of actuation, the applied voltage, or the
number of applied cycles (duty cycle). In terms of performance, the proper control of the
signals applied to the plates allowed us to achieve a straight path at 2 mm/s speed, and to
perform forward and backward reproducible steps with a resolution as low as 1 μm. In
addition, the spinning of the robot could be controlled with turns as low as 0.013 deg. and
angular speeds of 3 deg./s. With these optimizations, the proposed design demonstrated
the accomplishment of complex trajectories of more than 160 mm while carrying a payload
70 times its own weight.

2. Device Design

Figure 1 shows the type of structure under consideration. The body of the robot
consisted of a pair of rectangular plates with a length of Ls = 20 mm, width of Ws = 3 mm,
and thickness of ts = 0.85 mm, bound together by a light nexus of the same material.
This nexus consists of a rectangular section bridge, with lengths (Lnx) varying from 1
to 3 mm. The actuation of the robot was carried out by lead zirconate titanate (PZT)
piezoelectric patches that started at one edge and covered a given length (Lp) on each plate
to be determined by design.

The locomotion of the robot was based on the generation of standing waves (SW) in
the two plate resonators, in combination with an appropriate location of legs [13]. This
configuration was successfully applied to the bidirectional linear motion of millimeter-
sized robots by means of two consecutive flexural modes [15,22]. The two plates of our
design could be considered as independent SW motors and were designed as such.

Here, we considered the flexural modes with five and six nodal lines along the length
of the plate and no nodal lines along the width of the plate. Using a two-index naming
convention representing the number of nodal lines along the length and the width, we
will refer to these as the (50) and (60) modes. Figure 2 shows a 1D representation of
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the considered mode shapes. In order to optimally excite either of these modes, the
piezoelectric patch should cover the area at which the curvature of the mode shapes has a
constant sign [15,22]. In our case, in the search of the ease of fabrication, a patch length of 5
mm on both plates allowed for an efficient actuation of both modes.

Figure 1. Schematic description of the twin-plate robot design.

The location of the legs is the key point of the SW-based bidirectional locomotion.
Figure 2 shows where to locate them according to the criteria explained by He et al. [13].
We searched for positions that allowed for opposite movements for each modal vibration.
Therefore, the location of the legs should be at the right of a crest (red areas) for a given
modal shape, and to the left of the crest (blue areas) for a subsequent modal shape. Conse-
quently, by tuning the frequency of actuation to the resonance frequency of these modes,
the direction of the movement could be changed. The legs should be located where the
blue and the red areas overlap, highlighted by the dashed rectangles in Figure 2, which
results in five possible positions for locating the legs.

In search of a compromise between stability and friction losses, we decided to use a
total of three legs attached to the robot: two legs at plate A, located at positions 1 and 4,
and only one leg at position 3 for plate B. The size of the legs was optimized in a previous
work for a similar SW-based motor [15]. A leg length of 1.1 mm and a diameter of 0.6 mm
was chosen, so that the leg first resonance was much higher than the driving frequencies of
the robot to prevent plate–leg coupling effects.

Our design allows for four different types of motion that can be seen in Figure 3.
Each plate could be actuated on the (50) or (60) mode by applying sinusoidal signals at
the corresponding resonant frequencies. By combining either of the modes on each of
the two plates, four distinct movements could be obtained by differential drive: forward
and backward translational movement and clockwise (CW) or counterclockwise (CCW)
rotation of the robot.

Due to the asymmetries present on the structure caused by the leg distribution or the
fabrication tolerances, the thrust exerted by the plates was not the same, despite applying
the same signal to each one. This resulted in deviations from the ideal expected movement.
To correct the trajectory, a fine-tuning of the signal applied to each of the plates was
required to balance out the unwanted deviations. Both the voltage amplitude and the
number of cycles of the actuation signal were chosen as the parameters for the adjustment,
while the frequency of actuation was fixed to the value corresponding to the resonance
frequency of the required modal shape. Burst-type signals were used, consisting of a
finite number of sinusoidal cycles. The period of the burst signal, Tb = TON + TOFF was
fixed to one second. The duration TON of the active part of the signal was equivalent to
the number of cycles times the period of the excitation signals (i.e., TON = cycles

fdrive
). This

gives a duty cycle D = TON
Tb

100 = cycles
fdrive

100. These parameters are exemplified in Figure 4a.

15



Actuators 2021, 10, 335

Two alternative actuations and therefore balancing procedures were considered: either
by voltage amplitude or by number of cycles. In the first one, depicted in Figure 4a, the
same number of excitation cycles was applied on both plates and the thrust balance was
achieved by adjusting the ratio of applied voltage amplitudes. In the second alternative,
depicted in Figure 4b, the thrust was balanced by adjusting the number of cycles in the
active part of the burst signals with the same voltage amplitude for both signals.

Figure 2. Schematics showing the location of the legs for standing wave (SW)-based locomotion
with the (50) and (60) modes. Each colored half lobe represents the region where a leg produces a
rightward or leftward movement of the robot. For bidirectional motion, legs should be located on the
dashed vertical rectangles. Positions 1 and 4 were chosen for plate A and position 3 for plate B.

Figure 3. Graphical description of the four different types of motion of the robot. Each plate could be
actuated either on the (50) or (60) mode for a bidirectional thrust.

16



Actuators 2021, 10, 335

Figure 4. Excitation voltage signals applied to the plate resonators A (red color) and B (blue color).
Each burst signal is characterized by the voltage amplitude, the burst period (Tb), and the active
period (TON). Two alternative actuations were considered: (a) both plates with the same number of
sinusoidal cycles per burst but different voltages, or (b) both plates with the same voltage amplitude
but different number of cycles.

3. Materials and Methods

Following the design guidelines in the previous section, several robots were fabricated,
as shown in Figure 5. The procedure is as follows.

Figure 5. Photograph of one of the fabricated robots. The two legs of plate A can be observed.
Electrical access to the PZT patches was made through 25 μm silver insulated wires.

First, an H-shape supporting platform consisting of two 20 mm long, 0.85 mm thick
and 3 mm wide plates attached by a nexus was fabricated on a highly glass-filled resin
(Formlabs Rigid 10 K resin [23]) in a Form 3 stereolithography (SLA) printer by Formlabs.
Different sizes of the central nexus were considered with lengths varying from 1 to 3 mm
and cross sections of 0.2 × 0.2 mm2 and 0.6 × 0.85 mm2.

The monolithic structure included 1.1 mm long cylindrical legs with a 0.6 mm diameter.
Two legs were printed at the center of the width of plate A and an additional leg at the center
of the width of plate B, at those positions along the length described in the design section.
After printing, the structure was cured with ultraviolet (UV) light and heat treatment for
60 min at 70 ◦C, acquiring its final properties (Table 1).

Table 1. Material properties of the different components used in the robot fabrication.

Element Thickness (mm) Young’s Modulus (GPa) Density (kg/m3)

PZT patches tp = 0.1 62 6700
Rigid 10K resin ts = 0.85 10 1670

Next, two electroded PZT patches (PIC 255 from PI Ceramic GmbH, Lederhose,
Germany) with a thickness tp = 100 μm and a width of 3.5 mm, slightly wider than the
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plate to allow electrical access to the bottom electrode, were glued to each printed plate by
means of a cyanoacrylate adhesive (Loctite, Düsseldorf, Germany). The length of the patch
was 5 mm, according to Figure 2. Additionally, 25 μm in diameter silver insulated wires
were attached to the piezoelectric patches for electrical connection to the external signal
generator. The mechanical properties of the PZT patches can be found in Table 1.

The kinetic characterization was carried out employing two different recording cam-
eras. One with high speed, high resolution, and a large field of view (Logitech Streamcam)
was used to track the robot while performing large displacements. This camera covered a
23 × 13 cm2 area, with a spatial resolution of 120 microns at 60 frames per second (fps).
In addition, a microscope camera consisting of a CMOS sensor (Throcam DCC1545M)
coupled to an optic tube was used to record the position and the orientation of the robot
while performing small steps. This camera covered a 2 × 2 mm2, with a spatial resolution
of 100 nm at 30 fps. The cameras were computer controlled as was the signal generator
(Tektronix AFG 3000 series) used to apply the required sinusoidal signals to generate the
SW in the plates. The robot demonstrated locomotion in a wide variety of surfaces such as
glass, polyimide, polyethylene naphthalate (PEN), cast aluminum, or a flat surface made
of the same material of the robot platform, Rigid 10K resin. However, the glass surface
showed better results in terms of performance and trajectory control, so the experiments
were all carried out with the robot lying on a leveled glass surface. Finally, the recorded
videos were processed by a motion tracking algorithm programmed in MATLAB.

4. Results

Prior to the subsequent kinetic analysis, the electrical response of the resonators was
characterized by means of an impedance spectrum analysis. A 4294A Agilent impedance
analyzer was used to record the conductance versus frequency of the different modes of
vibration on each of the two plate resonators that comprised the robots. The figures of
merit of the electrical response such as the quality factor, the resonant frequency, and the
peak conductance were calculated through the fitting of these impedance measurements
to a modified Butterworth–Van-Dyke equivalent electrical model circuit [24]. Besides, the
detected impedance peaks were associated with the corresponding flexural modes with
the help of a scanning laser Doppler vibrometer (Polytec MSV 400).

Figure 6 shows the conductance spectra of one of the fabricated robots. The H-shaped
platform, comprising the two plates with legs and the joint linking the plates, was printed
as a monolithic part, so the obtained resonant frequencies were determined by the whole
structure. As can be seen, there were two clear peaks that were identified as the (50) and
(60) modes. The figures of merit of these impedance peaks are shown in Table 2. The
resonant frequency of the (50) and (60) modes were 59 and 86 kHz, respectively, while
similar Q-factors around 26 and motional conductance in between 65 and 117 μS were
estimated. Similar results were obtained for all the fabricated samples with the same
nominal dimensions of the plates. Differences in the resonant frequencies below 2% were
obtained among the fabricated samples, demonstrating the reproducibility of the process.

Table 2. Calculated figures after fitting of the impedance data in Figure 6 to a modified Butterworth–
Van-Dyke equivalent circuit model.

Resonant Mode (50) Mode (60) Mode

Plate
Frequency

(kHz)
Q-Factor ΔG (μS)

Frequency
(kHz)

Q-Factor ΔG (μS)

A 59.3 28 65 85.8 24 79
B 59.2 27 72 86.1 25 117

Once the electrical response of the constituent plates was analyzed, the kinetic char-
acterization of the robot was addressed. First of all, the determination of the appropriate
excitation signals for a thrust balance in all four basic movements in Figure 3 was ac-
complished. Figure 7 shows the results corresponding to the fine tuning of amplitudes
to balance out the deviations from the forward motion. As can be seen in Figure 7a, the

18



Actuators 2021, 10, 335

different ratios of the applied voltage from plates A to B resulted in a range of trajecto-
ries with dominant forward motion. Figure 7b depicts the off-axis absolute deviation
(Y-displacement to X-displacement ratio) of these trajectories. The ratio of voltages with the
lowest deviation from the X-axis was then chosen for this value of equal excitation cycles.
The same procedure was performed for the backward movement and for the two turning
possibilities in Figure 3, minimizing the displacement of the robot’s center of rotation,
obtaining the voltage ratios for a balanced thrust in every case. Similarly, this procedure
could be performed for equal amplitude of applied voltages on both plates, but different
ratios of number of excitation cycles.

Figure 6. Conductance spectra of plates A and B of one of the fabricated robots. The main peaks
were identified as the (50) and (60) modes.

Figure 7. (a) Forward motion trajectories for different ratios of applied voltages on each plate. (b)
Percentual absolute deviation off the X-axis displacement in forward motion for different ratios of
applied voltages on each plate. All experiments were carried out at a constant number of excitation
cycles of 7000 on both plates.

4.1. Speed Control

Figure 8 shows the results from the speed characterization for the forward and back-
ward locomotion in Figure 3. The thrust of the plates was balanced following the above-

19



Actuators 2021, 10, 335

described procedures, allowing the robot to make linear displacements up to 65 mm
with a controlled deviation off the X-axis. The large FOV camera setup was used in
these experiments.

Figure 8a,b shows the mean speed of the robot for forward motion, where both plates
were excited at the (50) mode resonant frequency. The results from the balancing procedure
are also depicted in Figure 8a,b, with markers representing the combinations for a balanced
motion by voltage amplitude or excitation cycles, respectively. As can be seen, both
procedures allowed reaching a maximum speed of about 1.85 mm/s by (i) applying 6 V
and 16,000 cycles on plate A and 6V and 6000 cycles to plate B or (ii) applying 6 V and
16,000 cycles to plate A and 3 V and 16,000 cycles to plate B. Similar results were obtained
for other input combinations. Therefore, for a balanced forward motion, plate A required
twice as much power than plate B, either by applying a 2:1 voltage ratio at equal number
of cycles or a 8:3 number of cycles ratio at equal applied voltage.

The backward motion (Figure 8c,d), where both resonators were excited at (60) mode
resonant frequency, showed analogous results. The mean speed was lower when compared
to the forward motion, and higher voltage amplitudes were required. Similar differences
were found in bidirectional SW robots implemented in glass in [15] and might be attributed
to the tight margin for the location of the legs to achieve bidirectional movement for the
SW-based approach. Finally, in this case, the balancing ratios by voltage amplitude and
excitation cycles were 0.6 and 0.5, respectively.

Figure 8. Results of translational speeds (solid lines and left vertical axes) in the forward and
backward motions of Figure 3. Each color represents a different voltage amplitude, VA = VB, (a,c)
or a different number of excitation cycles, CA = CB, (b,d) applied on both plates. The particular
combinations of the number of cycles or the voltage amplitudes required for a balanced motion are
represented with markers related to the right vertical axes.

The implemented differential drive allowed for CCW and CW rotations. Figure 9
shows the results from the angular speed characterization for the two turning possibilities
in Figure 3. The thrust of the motors was balanced as in the previous experiments, allowing
the robot to make rotations up to 360 deg., recorded with the large FOV camera setup. An
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angular speed of above 3 deg./s was obtained for both directions using either the same
voltage (Figure 9a,c) or the same number of excitation cycles (Figure 9b,d) on both plates.

In addition, as can be inferred from the balancing results in Figure 9, regardless of the
sense of rotation, the plate actuated with the (50) mode, (plate A in CCW and plate B in
CW) required about three times a lower number of cycles or applied voltage. This could
also be attributed to the non-ideal leg location for bidirectional SW robots [15].

Figure 9. Results of angular speeds (solid lines and left vertical axes) in the CCW and CW motions of
Figure 3. Each color represents a different voltage amplitude, VA = VB, (a,c) or a different number of
excitation cycles, CA = CB, (b,d) applied on both plates. The particular combinations of the number
of cycles or the voltage amplitudes required for a balanced motion are represented with markers
related to the right vertical axes.

4.2. Positional Control

One of the main advantages of the actuation strategy consisting of burst signals is
the capability of the robot to move in discrete steps with high resolution. We studied the
positional capabilities of the robot by reducing the supplied energy of the excitation signals
in search of the smallest reproducible translation or rotation. Figure 10 shows the results
from the experiments where a reduced number of cycles was equally applied to both plates.
In this case, the balancing was performed by applying different voltage ratios to each plate
while recording the robot movement with the high-resolution recording camera setup.

Regarding translational movements, as can be seen in Figure 10a,c, the step length
could be decreased to less than 1 μm. This value was close to the limit of detection of the
used setup, so lower translational steps could be achievable. The forward motion balance
was also reached for a 2:1 voltage ratio, as in the speed experiments (see Figure 8b), and
a decreasing trend of the step size with the number of cycles or the application voltage
was also observed. In contrast, the backward motion balance was reached at a 3:4 voltage
ratio and required higher voltages to get to the minimum detectable step, than in forward
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motion. The decreasing trend with the number of excitation cycles was not so prominent
when considering the applied voltage.

Figure 10b,d shows the results of the CCW and CW movements, respectively, when
the number of excitation cycles were reduced to less than 2000. The minimum turn was
0.02 deg., but voltages above 6 V were required to produce detectable rotations. The balance
was reached at a 2:1 voltage ratio in the CW rotations, and similar but not so consistent
results were obtained for the CCW turns.

A summary of the main results from the speed and positional characteristics of the
robot is shown in Table 3. The maximum speeds were taken from the results with a Tb = 1 s
and the upper limits of the experimental ranges (10 V and 16,000 cycles) while the minimum
steps were taken from the experiments with the lower input limits of each type of motion.

Figure 10. Results in terms of minimum translational steps and turns (solid lines related to the left
vertical axes) from the positional experiments in the four different types of movement of Figure 3.
Each color represents a different number of excitation cycles applied on both plates (CA = CB). For a
balanced motion, different combinations of applied voltages, noted with markers and related to the
right vertical axes, were required.

Table 3. Summary of the main results from the kinetic characterization of the robots.

Type of Motion Maximum Speed Minimum Movement

Forward 1.85 mm/s 1 μm
Backward 0.6 mm/s 0.4 μm

Counterclockwise 3 deg./s 0.016 deg.
Clockwise 4.7 deg./s 0.013 deg.

4.3. Mass Loading

The effect of mass loading on the performance of the robots was also investigated.
Figure 11 shows the robot speeds for the four movements depicted in Figure 3 for different
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payloads and two distinct applied voltages of 5 V and 10 V using the large FOV camera
setup. The excitation cycles were used to balance the motion, with values around 7000 for
the dominant plate on each basic movement (right in the middle of the range used in the
experiments of Figures 8 and 9). As can be seen, the robot was able to carry 15 g, 70 times
its own weight, at 0.8 mm/s and 0.2 mm/s for forward and backward motion, respectively.
Additionally, the robot was able to develop angular speeds of 2.5 deg./s and 1.1 deg./s for
the CCW and CW directions, respectively, at the maximum applied voltage. The loading
capacities of our proposed design make it suitable for autonomous applications, where the
robot should carry onboard circuits including the control and the power systems, with a
total weight below our achieved payload [25,26].

Figure 11. Translational and rotational speeds for different payloads and two applied voltages.

It is also noticeable from the results in Figure 11 that a maximum in the robot speed
was found for loading masses in the range of 1 to 3 g. This maximum could be attributed
to a compromise between the frictional forces, which increase with the addition of mass,
and the vibration amplitude, which decreases due to the added mass damping.

In addition, Table 4 shows the blocking force of the robot under different mass loadings.
The force was measured while the robot contacted a force sensor (Honeywell FSG Series)
with the actuation voltage applied. A maximum blocking force of 10 mN was measured for
a payload of 15 g and a continuous excitation of 10 V, while the robot was moving forward.
Similar blocking force values were obtained in glass-based single-plate robots with SW
actuation but for half the mass loading [15].

Table 4. Blocking force of the robot actuated on forward-direction movement for various payload
and voltage conditions.

Blocking Force (mN) Payload (g)

Voltage (V) 0 1 3 7.5 15 25

5 0.3 ± 0.1 1.1 ± 0.1 2.0 ± 0.2 3.5 ± 0.1 3.7 ± 0.1 2.8 ± 0.1
7.5 0.3 ± 0.1 1.5 ± 0.1 2.4 ± 0.1 5.3 ± 0.1 7.0 ± 0.3 5.3 ± 0.4
10 0.6 ± 0.1 1.9 ± 0.1 2.8 ± 0.1 7.0 ± 0.3 10 ± 0.3 9.4 ± 0.5

4.4. Complex Trajectory

Finally, the kinetic performance, the trajectory control, and the mass loading capabil-
ities of the proposed design were tested through a series of preprogramed sequences of
movements. No real-time control strategy was used in these experiments. The robot was
loaded with 15 g and actuated in such a way that a right triangular trajectory and a square
path were described at maximum speed for 10 V and Tb = 0.5 s. The same adjustment
ratios as in the previous experiments with Tb = 1 s were used, demonstrating the validity
of the control procedure for a different burst signal period. Figure 12 shows the results of
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the performance of these paths, and the video experiments, recorded in the larger FOV
setup, are provided in Supplementary Videos S1 and S2.

Figure 12. Results from the complex trajectory experiments, describing a 50 mm side right triangle
(figures on the left) and a 40 mm side square (figures on the right). Top figures (a,c) show the robot
position and orientation at some time instants of the preprogramed trajectory (red line). Bottom
figures (b,d) detail the X- and Y-position and orientation of each trajectory vs. time and the sequence
of resonant frequencies on plate A (fA) and plate B (fB) for actuation at the (50) or (60) modes.

As it can be seen in Figure 12a, the robot was able to describe a closed, right triangular
trajectory of a 5 cm side in less than 200 s. The sequence of movements can be drawn from
Figure 12b, where the position and orientation of the robot vs. time are depicted. The most
challenging steps were a 330 deg. CCW turn (with less than 20 mm deviation in the X and
Y axis) and a 65 mm long backward travel (with only 17 deg. orientation deviation). These
deviations can be attributed to the mechanical stress of the wires.

Similar results were obtained with the square trajectory in Figure 12c. There, the
robot performed both 90 deg. CW and CCW turns as well as 40 mm long forward and
backward travels. As can be seen in Figure 12d, comparable deviations were measured in
this trajectory, which demonstrated a promising trajectory control.
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4.5. Performance Comparison

Table 5 summarizes a performance comparison of recent publications about miniatur-
ized locomotion systems including our present robot. As can be seen, our proposed design
is the only sub-gram robot with 2 degrees of freedom and a bidirectional motion among
these references, featuring a minimum turning radius below 10 microns and a positional
and rotational precision as low as 400 nm and 0.013 deg., respectively. In addition, the low-
cost 3D printing fabrication technology used in our robot allows for an affordable platform
in contrast to the more expensive MEMS or nanolithography printing technologies.

Table 5. Performance comparison of the most recent publications of miniaturized locomotion systems including our present
robot. Unavailable data are indicated as “n.a.”.

Reference Size (mm3) Mass (mg)
Fabrication
Technology

Actuation DOF Bidirectional Autonomous Tethered
Voltage

(V)
Power
(mW)

Payload
(g)

Speed
(BL/s)

Resolution
(nm)

[8] 2.5 × 1.6 × 0.7 1 Nano 3DP Magnetic 1 No No No 2 897 0 14.9 n.a.

[4] 8.5 × 4 × 0.5 10 MEMS Electrostatic 1 No Yes No 50 0.01 0 7 ×
10−4 n.a.

[7] 5 × 5 × 0.5 18 MEMS Electrostatic 1 No No Yes 80 0.08 0 0.2 n.a.
[6] 4 × 4 × 5 25 MEMS Magnetic 1 No No No n.a. 0.51 0 6.4 n.a.
[5] 30 × 15 × 0.1 64 Laminates Piezoelectric 1 No No Yes 200 0.34 0.4 4 2·106

[3] 30 × 15 × 0.1 65 Laminates Piezoelectric 2 No No Yes 250 n.a. 0.18 7.5 n.a.
[27] 15 × 5 × 0.5 80 MEMS Thermal 1 No No Yes 18 1100 2.5 0.4 n.a.

Present
work

20 × 6 × 0.85 200 3DP Piezoelectric 2 Yes No Yes 10 10 25 0.1 400

[11] 12 × 8 × 6 200 3DP Piezoelectric 2 No No Yes 40 n.a. 13 5.2 n.a.
[3] 24 × 22 × 0.1 240 Laminates Piezoelectric 2 No Yes No 250 397 1.66 1.13 n.a.

[15] 20 × 3 × 1 250 Glass + 3DP Piezoelectric 1 Yes No Yes 30 n.a. 7.5 12.5 n.a.
[28] 50 × 50 × 20 1270 Laminates Piezoelectric 2 Yes Yes No 200 50 1.35 10.0 1000
[18] 50 × 50 × 20 2400 Laminates Piezoelectric 2 Yes Yes No 10 1660 0.44 0.6 n.a.
[28] 58 × 44 × 12 4.3 × 104 Machining Piezoelectric 2 Yes No Yes 200 6666 200 8.9 440

[29] 200 × 200 × 40 5.6 × 106 Machining Piezoelectric 2 Yes No Yes 200 n.a. 2.5 ×
104 0.003 16

Our robot demonstrated the potential to become a fully autonomous motion system,
thanks to a large carrying capacity in combination with a lower estimated power consump-
tion. It is worth pointing out that two untethered and autonomous sub-gram robots have
already been reported: the work by Hollar et al. [4] based on the MEMS technology fea-
turing lower speeds and higher voltages, and the work by Liang et al. [3], which required
excitation voltages as high as 250 V. Finally, our proposed design demonstrated submicro-
metric positional resolutions competing only with the heavier steel-based systems.

5. Conclusions

This work reports the design, fabrication, and characterization of a miniature 20 mm
long sub-gram robot whose direction of motion can be controlled. A differential drive
approach was implemented in a H-shaped 3D-printed motor platform by means of two-
legged plate resonators, joined together at the middle length. The generation of the SWs
on each plate was achieved by piezoelectric patches and the control of the motion path
was attained by adjusting the parameters of the burst excitation signals such as the applied
voltage, the number of applied cycles, or the driving frequency.

In terms of performance, bidirectional straight paths as long as 65 mm at 2 mm/s
speed with only 10 V excitation were achieved, and furthermore, forward and backward
precise steps as low as 1 μm. The turning of the robot could be controlled with turns as
low as 0.013 deg. and an angular speed as high as 3 deg./s under the same conditions.
With these optimizations, the proposed device demonstrated the execution of complex
trajectories of more than 160 mm while carrying 70 times its own weight.

Regarding the lifetime of the system, mechanical fatigue fracture was not observed in
our 3D printed platforms, likely due to the high stiffness of the glass-filled resin material.
In addition, there are no moving parts in the design that can be exposed to a considerable
wear except the leg tip. Although the robots were working for more than 100 h during the
experiments without a noticeable impact on the leg tip, more tests should be conducted
including different surfaces to determine the actual lifetime of the system.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/act10120335/s1, Video S1: Preprogrammed locomotion on a 50 mm side right triangular
trajectory. Video S2: Preprogramed locomotion on a 40 mm side square trajectory.
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Abstract: A magnetic levitation isolation system applied for the active control of micro-vibration
in space requires actuators with high accuracy, linear thrust and low power consumption. The
magneto-force-thermal characteristics of traditional electromagnetic actuators are not optimal, while
actuators with a Halbach array can converge magnetic induction lines and enhance the unilateral
magnetic field. To improve the control effect, an accurate magnetic field analytical model is required.
In this paper, a magnetic field analytical model of a non-equal-size Halbach array was established
based on the equivalent magnetic charge method and the field strength superposition principle.
Comparisons were conducted between numerical simulations and analytical results of the proposed
model. The relationship between the magnetic flux density at the air gap and the size parameters of
the Halbach array was analyzed by means of a finite element calculation. The mirror image method
was adopted to consider the influence of the ferromagnetic boundary on the magnetic flux density.
Finally, a parametric model of the non-equal-size Halbach actuator was established, and the multi-
objective optimization design was carried out using a genetic algorithm. The actuator with optimized
parameters was manufactured and experiments were conducted to verify the proposed analytical
model. The difference between the experimental results and the analytical results is only 5%, which
verifies the correctness of the magnetic field analytical model of the non-equal-size Halbach actuator.

Keywords: electromagnetic actuators; Halbach arrays; magnetic levitation; magnetic field modeling;
finite element simulation; analysis; multi-objective optimal design

1. Introduction

An electromagnetic actuator based on the Lorentz force principle is the core device of
a magnetic levitation isolation platform, and it can eliminate the mechanical attachment
between the stationary and moving parts of an actuator [1–3]. An actuator with high
magnetic flux density, small volume and little hot loss is superior to others in obtaining
suitable control performance. Compared with traditional actuators, the non-equal-size
Halbach array can converge magnetic induction lines and enhance the unilateral magnetic
field. Actuators with a Halbach array are characterized by small thrust fluctuation, high
positioning accuracy, short response time, low influence of hysteresis effect and simple
thrust control, all of which have considerable application prospects in relation to micro-
vibration control in space [4–7].

Scholars have mainly focused on the dynamics model, the optimization of the mag-
netic circuit parameters, improving the electromagnetic thrust, reducing the thrust fluctua-
tion, controlling the temperature rise effect, etc. [8]. Kou proposed a flat-type vertical-gap
passive magnetic levitation vibration isolator (FVPMLVI) for an active vibration isolation
system [9]. However, the author did not analyze the effect of the yoke portion on the
magnetic field. Typical structure and rectangular structure voice coil motors were ana-
lyzed by their volumetric changes [10]. However, there was a lack of research into the
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dimensional parameters of permanent magnets. Lin designed a novel three-DOF spherical
voice coil motor (VCM) and studied the simulation of the magnetic field distribution for
rotation in relation to the x-axis and z-axis [11]. However, no specific analytical model of the
magnetic field was involved. Wei developed an electromagnetic actuator that concurrently
realized two working functions of vibration suppression and energy regeneration [12].
The experimental results also showed that the amplitude of the controlled object can be
suppressed within 5.5%. However, the control accuracy of electromagnetic actuators has
not been verified. Liu theorized a differential electromagnetic actuator for a magnetic
levitation vibration isolation system. Linear output force and absolute velocity feedback
were used to improve the vibration isolation performance [13]. However, a mathematical
model of the magnetic field of the actuator has not been analyzed. A combination of the
finite element method and the analytical method was discussed by Han, as was the eddy
current loss of coil windings. The accuracy of thermal analysis predictions was verified
through experiments [14]. A short-stroke planar motor with a non-integrated winding
structure and an integrated winding structure was analyzed by Zhang [15]. The magnetic
field distribution of the air gap was obtained using a finite element simulation. However,
an analytical model is yet to be established. Considering the nonlinear saturation effect of
ferromagnetic materials, a modified magnetic equivalent circuit (MEC) model was used by
Liu to more accurately estimate the magnetic flux density at the air gap [16]. The magnetic
leakage phenomenon in the middle of the magnetic conjugate was studied by Smith. The
method of dividing permanent magnets and adjusting the pole distance was proposed
to reduce magnetic leakage and thrust fluctuation [17]. A stacked giant magnetostrictive
actuator was designed by He, and a magnetic field distribution model was established
to accurately describe the magnetic field of the actuator, which improved the operating
accuracy of the actuator in question [18]. A novel voice coil motor actuator that could
generate a high actuating force was proposed by Kim; the magnetic field at the air gap was
analyzed based on the charge model, which was verified using a 3D finite element method
(FEM) simulation [19].

In order to improve the control effects, an accurate mathematical model of an actuator
should be established by considering the impacts of the end effect and ferromagnetic
boundary. In this paper, a non-equal-size actuator based on the Halbach array was designed
for a magnetic levitation isolation platform. Compared with a traditional magnet, the
Halbach array can converge magnetic induction lines and enhance the unilateral magnetic
field. The magnetic flux density fluctuation of an equal-size Halbach array is higher than
a non-equal-size Halbach array. By designing non-equal-size permanent magnets and
optimizing the dimensional parameters, a uniformly distributed air-gap magnetic field can
be obtained, which is conducive to improving the accuracy of an actuator and reducing
its harmonic distortion. A magnetic field analytical model of a non-equal-size Halbach
actuator was established and the magnetic flux density at the air gap was calculated. The
analytical expression and numerical simulation of the magnetic flux density and fluctuation
degree were compared between the Halbach array and the traditional permanent magnet.
The influence of size parameters and the ferromagnetic boundary on the magnetic field
of the Halbach array were studied. To obtain an actuator with uniform magnetic flux
density distribution, high control accuracy, low power consumption and light mass, the
multi-objective optimization design of a Halbach actuator was carried out and optimal
magnetic-force-thermal parameters were obtained.

2. Modeling of the Magnetic Field of a Non-Equal-Size Halbach Array

2.1. Spatial Magnetic Field Analytical Model of Rectangular Permanent Magnets

The electric field distribution of a charged object in space can be considered as a
superposition of an electric field intensity generated by electric charges. The magnetic
field distribution of a uniformly magnetized rectangular permanent magnet can similarly
be equated to a vector superposition of magnetic fields generated by a body magnetic
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charge inside the permanent magnet and surface magnetic charge on the surface [20]. The
expressions for the body and surface charges can be written as follows:

ρm = −μ0∇·M (1)

σm = M·n =
Br

μ0
·n (2)

where M means the magnetization intensity, n means the normal vector of the magnetic
charge plane, Br means the residual flux density of permanent magnets, and μ0 means the
vacuum permeability.

The rectangular permanent magnet is assumed to be uniformly magnetized. Therefore,
the volume magnetic charge density is 0, and the surface magnetic charge density is
determined by the spatial magnetic field distribution of the rectangular permanent magnet.

There is no free current in the region of the static magnetic field generated by the
rectangular permanent magnet; therefore, the expression of Maxwell Equations can be
simplified as follows:

∇× H = 0 (3)

∇·B = 0 (4)

where B is the magnetic flux density and H is the magnetic field intensity.
The expressions for the scalar magnetic potential and magnetic properties of the

magnetic field strength can be written as follows:

H = −∇ϕm (5)

B = μ0(H + M) (6)

According to Equations (3)–(6), Equation (7) can be deduced as follows:

∇2 ϕm = ∇·M (7)

The integral expression for the scalar magnetic potential can be obtained according to
Green’s function.

ϕm(e0) =
∫

G(e, e0)∇′·M(e0)dv =
1

4π

∫
s

M(e)·n
|e − e0| ds =

1
4π

∫
s

σm

|e − e0|ds (8)

where e0 means the observation point location vector and e means the field source point
position vector.

According to Equation (8), the expression for the magnetic flux density of a rectangular
permanent magnet in space can be written as follows:

B(e) =
μ0

4π

∫
s

σm(e − e0)

|e − e0| ds (9)

The equivalent magnetic charge models of the vertically magnetized and horizontally
magnetized rectangular permanent magnets are shown in Figure 1. The vertically magne-
tized permanent magnets are equivalent to the upper and lower magnetic charge planes,
and the horizontally magnetized permanent magnets are equivalent to the left and right
magnetic charge planes [21].
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Figure 1. Equivalent magnetic charge model.

The geometric center of the rectangular permanent magnets is used as the origin of
the coordinate axes. The magnetic flux density of two kinds of rectangular permanent
magnets in space can be expressed as follows:

Bv(e) =
μ0σm

4π

2

∑
k=1

(−1)k
∫ a

2

− a
2

∫ b
2

− b
2

e − e0

|e − e0|3
dx′y′ (10)

Bh(e) =
μ0σm

4π

2

∑
i=1

(−1)i
∫ c

2

− c
2

∫ b
2

− b
2

e − e0

|e − e0|3
dx′z′ (11)

The magnetic field required for the Lorentz force is mainly provided by the z-axis
component of the magnetic flux density at the air gap. The magnetic flux density of the
z-axis component of the rectangular permanent magnets in two magnetizing directions is
given as follows:

Bz,v(x, y, z) =
μ0σm

4π

2

∑
i=1

2

∑
j=1

2

∑
k=1

(−1)i+j+k tan−1

⎡
⎢⎣ (x − xi)

(
y − yj

)
(z − zk)

1

[(x − xi)
2 +

(
y − yj

)2
+ (z − zk)

2]
1
2

⎤
⎥⎦ (12)

Bz,h(x, y, z) =
μ0σm

4π

2

∑
i=1

2

∑
j=1

(−1)i+k ln
(y − y1) + [(x − xi)

2 + (y − y1)
2 + (z − zk)

2]
1
2

(y − y2) + [(x − xi)
2 + (y − y2)

2 + (z − zk)
2]

1
2

(13)

2.2. Parameterized Magnetic Field Model

Based on the equivalent magnetic charge method, the magnetic flux density of the
vertically and horizontally magnetized rectangular permanent magnets at any point in
space was deduced. In order to solve the magnetic flux density at the air gap of a non-equal-
size Halbach array, a spatial coordinate system was established at the center of the z-axis
of the air gap. The length, width and height of the vertical and horizontal magnetized
permanent magnets are set as variables. A parameterized magnetic field model of the
non-equal-size Halbach array was established, as shown in Figure 2.

 
Figure 2. Parameterized magnetic field model of non-equal-size Halbach array.
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The permanent magnets in different magnetizing directions in the magnetic field
of Halbach array are numbered. According to the parameterized model, the boundary
coordinates are determined as follows:

1

⎧⎨
⎩

x1 = 0; x2 = a
y1 = 0; y2 = b

z1 = − h
2 ; z2 = − h

2 − c
2

⎧⎨
⎩

x1 = a; x2 = a + d
y1 = 0; y2 = b

z1 = − h
2 ; z2 = − h

2 − c
3

⎧⎨
⎩

x1 = a + d; x2 = 2a + d
y1 = 0; y2 = b

z1 = − h
2 ; z2 = − h

2 − c

4

⎧⎨
⎩

x1 = 0; x2 = a
y1 = 0; y2 = b

z1 = h
2 ; z2 = h

2 + c
5

⎧⎨
⎩

x1 = 0; x2 = a
y1 = 0; y2 = b

z1 = h
2 ; z2 = h

2 + c
6

⎧⎨
⎩

x1 = 0; x2 = a
y1 = 0; y2 = b

z1 = h
2 ; z2 = h

2 + c

According to the superposition principle, the z-axis component of the flux density at
the air gap can be expressed as follows:

Bz = ∑m=1,3,4,6 Bzm + ∑n=2,5 Bzn (14)

Ansys was used to calculate the magnetic flux density at the air gap along the hor-
izontal direction (x-axis) and the vertical direction (z-axis). A comparison between the
analytical results and the simulation results are shown in Figure 3.

(a) (b) 

Figure 3. (a) Analytical results; (b) Simulation results.

The difference between the analytical value and the finite element simulation value of
the magnetic flux density along the vertical direction is about 5%. The deviation between
the analytical value and the simulation value along the horizontal direction is about 3%.
Due to the end effect of the permanent magnet, the deviation between the two calculated
results is 5–10%, which is within the allowable error range. It can be concluded that the
magnetic field analytical model of the parameterized Halbach actuator is accurate.

2.3. Comparison of Magnetic Flux Density between the Non-Equal-Size Halbach Array, Equal-Size
Halbach Array and Conventional Magnet Groups

The electromagnetic actuator is required to enhance the intensity of the magnetic field
and reduce the thrust fluctuation as much as possible, which requires a high magnetic
flux density at the air gap and a uniform distribution of magnetic induction lines. The
non-equal-size Halbach array, equal-size Halbach array and conventional array models
are displayed in Figure 4. The analytical results and the simulation results of the magnetic
field at the air gap are shown in Figure 5.
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Figure 4. Different array models.

Figure 5. The magnetic flux density of the non-equal-size Halbach array, equal-size Halbach array
and a conventional array.

The average magnetic flux density of the equal-size Halbach array and non-equal-
size Halbach array is about 23 and 17% higher than conventional array, respectively. It
indicates that the actuator of the Halbach array outputs more thrust under the same current
excitation.

The expression of magnetic flux density fluctuation is calculated as follows:

ΔB =

∣∣∣∣Bmax − Bmin
Bmax

∣∣∣∣× 100% (15)

where Bmax means the air gap flux density maximum and Bmin means the air gap flux
density minimum.

Within the effective stroke of the coil, the fluctuation of the non-equal-size Halbach
array and the equal-size Halbach array are shown in Table 1.

Table 1. Magnetic flux density fluctuation.

Non-Equal-Size Equal-Size

Simulation result 13.67% 21.57%
Analysis result 13.94% 22.35%

It can be seen that the magnetic flux intensity of the equal-size Halbach array is a
little greater than the non-equal-size Halbach array. However, the end effect and the
fluctuation of the magnetic flux density of the non-equal-size Halbach array can be reduced
more significantly.

3. Effect of the Dimensional Parameters of the Halbach Array

3.1. Effect of the Width of the Horizontal Magnetized Permanent Magnet

The purpose of horizontal magnetized permanent magnets is to enhance the magnetic
flux density and reduce the effect of the permanent magnet end effect at the air gap.
The sizes of the vertical magnetized permanent magnet and the air gap distance remain
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unchanged. Then, the relationship between size d of the horizontal magnetized permanent
magnet and the magnetic flux density at the air gap is apparent (Figure 6).

(a) (b) 

Figure 6. The relationship between size d of horizontal magnetized permanent magnet and the magnetic flux density at the
air gap: (a) Horizontal displacement; (b) Vertical displacement.

3.2. Effect of Width Ratio of the Vertically and Horizontally Magnetized Permanent Magnets

The maximum width of the actuator is set as the same width as the Halbach array.
Additionally, the total width, length and height of the Halbach array are constant. The
relation between the width ratio and the magnetic flux density was then simulated, as
shown in Figure 7.

(a) (b) 
Figure 7. The relation between width ratio and magnetic flux density: (a) Horizontal displacement; (b) Vertical displacement.

In the area far from the horizontal magnetized permanent magnet, the vertical magne-
tized permanent magnet dominates the magnetic field. Increasing the width ratio enhances
the magnetic field along the horizontal direction. In the area near the horizontal magnetized
permanent magnet, the increase in the magnetic flux density caused by the increase in the
width of the horizontal magnetized permanent magnet is higher than the decay caused
by the decrease in the width of the vertical magnetized permanent magnet. Thus, the
magnetic flux density in the horizontal direction decreases with the increase in the width
ratio. The standard variance of magnetic flux density in the x-axis and z-axis directions is
shown in Figure 8.

When the text states a:d = 3:1, the magnetic flux density along the x-axis direction
is stronger and the magnetic induction lines are more uniform. When the text states
a:d = 2.5–3.5, the magnetic flux density along the z-axis direction has a smaller standard
variance, which proves that the magnetic induction lines are more uniformly distributed.
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Figure 8. Standard variance of magnetic flux density.

4. Effect of Ferromagnetic Boundary

The designed actuator has bilateral ferromagnetic boundaries, as shown in Figure
9. It contains six rectangular permanent magnets and two magnetic yokes at the top and
bottom. The existence of ferromagnetic boundaries has a certain influence on the magnetic
flux density at the air gap compared to that without ferromagnetic boundaries [22]. The
influence of the ferromagnetic boundary on the original magnetic field was calculated
using the mirror method, which used the equivalent magnetic charge behind the boundary
to equate its influence. The actual spatial distribution of the magnetic field is formed by
the superposition of the original magnetic field and the mirror field.

 
Figure 9. Halbach array with bilateral ferromagnetic boundaries.

A schematic diagram of the mirror image of the magnetic charge surface of the Halbach
array under bilateral ferromagnetic boundary conditions is shown in Figure 10. H is the
distance between the bilateral ferromagnetic boundaries. Theoretically, there are infinite
sets of mirror images of the magnetic charge surface.

The analytical expression for the magnetic flux density at the air gap can be calculated
according to the mirror image principle and the superposition principle as follows:

B(x, y, z) = ∑
m=1,3

∞

∑
i=0

Bm,vertical(x, y, z ± iH) +
∞

∑
i=0

Bhorizontal(x, y, z ± iH) (16)

The ferromagnetic boundary material parameters are shown in Table 2.
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Figure 10. Schematic diagram of the mirror image of the magnetic charge surface.

Table 2. Ferromagnetic material parameters.

Parameters Numerical Value Unit

a 30 mm
b 60 mm
c 20 mm
d 11 mm
e 20 mm
h 16 mm
Br 1.1 T
μ0 4π × 10−7 H/m

A comparison between the simulation results and the analytical results of the magnetic
flux density at the air gap magnetic field is shown in Figure 11. It can be seen that the
average magnetic flux density along the z-axis with a ferromagnetic boundary is 22% higher
than that without a ferromagnetic boundary. This is because the ferromagnetic boundary
can concentrate magnetic force lines and enhance magnetic field strength. The maximum
deviation between the simulation and the analytical calculation is 2.2%. Additionally, the
analytical result derived using the mirror method is in good agreement with the finite
element simulation value. Since one set of mirror images is superimposed for analytical
value, the analytical value is smaller than the simulation value.

Figure 11. Comparison between magnetic flux density along z-axis with and without ferromagnetic boundary.
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5. Optimized Design

The mechanical structure of the actuator consists of a kinematic coil and a stator
Halbach array, and the parametric model is shown in Figure 12.

 
(a) (b) 

Figure 12. Parametric model of the actuator: (a) Stator Halbach array; (b) Kinematic coil.

Two objectives are needed for optimization. First, the magnetic flux density at the
air gap is maximized and uniformly distributed. Second, the minimum coil mass and
minimum thermal power consumption should be obtained. A genetic algorithm was
adopted to obtain the actuator with optimal magnetic-force-thermal parameters.

According to the magnetic field analytical model of the non-equal-size Halbach array,
and when considering the influence of the ferromagnetic boundary, the approximate
relationship between the magnetic field at the center of the air gap and the parameters of
the actuator is as follows:

BZ(wm, wm2, lm, hm, h) = 2Br
π tan−1

[
wmlm

s
1

[w2
m+l2

m+h2]
1/2

]

+
∞
∑

i=1

2Br
Br

tan−1
[

wmlm
h±2i(h+2hm)

][
1

[w2
m+l2

m+(h±2i(h+2hm))2]
1
2

] (17)

where wm means the width of the vertically magnetized permanent magnet, wm2 means
the width of the horizontally magnetized permanent magnet, lm means the length of the
vertically magnetized permanent magnet, hm means the height of the vertically magnetized
permanent magnet and h means the length of the air gap.

When the width of the horizontal magnetized permanent magnet is greater than
10mm, and the width ratio of vertical and horizontal magnetized permanent magnet is
2.5–3.5, the magnetic field is smooth and uniform, and magnetic flux density can reach its
maximum value.

The optimization objectives are expressed as follows:

Opt.

{
Qmin,coil = p 16I2ρrVcoil

π2d4
coil

Mmin,coil = (1 − p)ρηVcoil

(18)

where I is the coil current, ρr is the wire resistivity, Vcoil is the coil volume, dcoil is the wire
diameter, ρ is the wire density and η is the copper fill rate. The weight is defined as p and
can be set as 0.6 for the actuator.
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The dimension constraints are given as Equation (19), including the relative position
conditions of the coil and the Halbach array and actuator boundary dimension constraints.

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

h ≥ tcoil + 2s + f
wm ≥ wcoil + 2s

lcoil ≥ lm + 2wcoil + 2s
wtotal coil ≥ 2wcoil + wm2 + 2s

x1 ≥ 2wm + wm2
x1 ≥ 2wm + wm2

x3 ≥ lcoil

(19)

where tcoil means the coil thickness, f means the coil winding case thickness, wcoil means
the coil single side width, wtotal coil means the total coil width, lcoil means the coil length
and x1, x2, x3 means the maximum design size of the actuator.

Based on a genetic algorithm, the optimal air gap size, minimum coil mass and
minimum thermal dissipation are calculated. A comparison with the parameters before
and after optimization is shown in Table 3.

Table 3. Comparison of parameters before and after optimization.

Actuator Parameters Before Optimization After Optimization Unit

Halbach array

Total length 58 60 mm
Total width 70 72 mm

Height 18 20 mm
Width of vertical permanent magnet 25 30.5 mm

Width of horizontal permanent magnet 20 11 mm
Air gap length 20 15 mm

Coil
Total length 105.6 99 mm
Total width 46 56 mm

Number of turns 88 63 turn

Actuator

Effective stroke ± 3 ± 3 mm
Force constants 5.33 6.98 N/A

Continuous thrust 42.68 56.5 N
Mass of the coil 380 323.04 g

Consumption of the coil 17.9 16.32 W

The output force range of one single actuator is 0.1–50 N, and the current accuracy is
0.005A; force constants can be estimated as follows:

K =
F
I
=

0.1
0.005

= 20 > 6.98 (20)

The force constant after optimization is smaller than the design index. According
to the minimum current condition of the system, the control requirement of minimum
Lorentz force can be satisfied.

6. Experimental Section

An actuator prototype was manufactured with optimized parameters, and the ex-
perimental setup is shown in Figure 13. The actuator was fixed on a high-precision
displacement platform and a Gauss meter probe was mounted on a motion axis with a laser
displacement sensor. The position of the Gauss meter probe at the air gap was adjusted by
a real-time position control system to measure the magnetic flux density along the z-axis
and x-axis directions at the air gap, respectively.
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(a) (b) 

Figure 13. Experimental verification: (a) Actuator prototype; (b) Experimental test platform.

The measured results were compared with the finite element simulation results and
analysis results, as shown in Figure 14. Within the effective stroke of the actuator, the
experimental results show that the average air gap flux density in the z-axis direction is
0.85T, with a flux density fluctuation of 4%, while the average flux density in the x-axis
direction is 0.86T, with a flux density fluctuation of 3.8%.

(a) (b) 

Figure 14. Comparison between simulation, analysis and experimental results at the air gap: (a) z-axis; (b) x-axis.

7. Conclusions

A magnetic field analytical model of a non-equal-size Halbach array was established
based on the equivalent magnetic charge method and the field superposition principle. The
accuracy of the analytical model was verified by comparing it with Maxwell simulation
results. We studied the influences of the size parameters of the Halbach array on the
magnetic flux density at the air gap. A parametric model of the non-equal-size Halbach
actuator was developed, and multi-objective optimization design was carried out to obtain
optimal magneto-force-thermal parameters. The prototype of the actuator with optimized
parameters was manufactured and experiments were conducted to verify the magnetic
field analytical model. The force constant of the actuator is 6.98 N/A, which meets the
minimum control force requirement. Within the effective stroke of the actuator, the average
magnetic flux density at the air gap is 0.85T, which is 5% different from the analysis results.
The simulation results are in high agreement with the analytical results. The experiment
results show that the proposed magnetic field analytical model is accurate. A preci-
sion dynamic model of the suggested magnetic levitation vibration isolation system with
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a Halbach array will be studied by merging the proposed analytic magnetic field model in
the next step.
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Abstract: This paper investigates the resonant behaviour of silicon-based micro-oscillators with a
length of 3600 μm, a width of 1800 μm and a thickness of 10 μm over a wide range of ambient gas (N2)
pressures, extending over six orders of magnitude from 10−3 mbar to 900 mbar. The oscillators are
actuated piezoelectrically by a thin-film aluminium-nitride (AlN) layer, with the cantilever coverage
area being varied from 33% up to 100%. The central focus is on nonlinear Duffing effects, occurring
at higher oscillation amplitudes. A theoretical background is provided. All relevant parameters
describing a Duffing oscillator, such as stiffness parameters for each coverage size as well as for
different bending modes and more complex modes, are extracted from the experimental data. The
so-called 2nd roof-tile-shaped mode showed the highest stiffness value of −97.3·107 m−2s−2. Thus,
it was chosen as being optimal for extended range pressure measurements. Interestingly, both a
spring softening effect and a spring hardening effect were observed in this mode, depending on the
percentage of the AlN coverage area. The Duffing-effect-induced frequency shift was found to be
optimal for obtaining the highest pressure sensitivity, while the size of the hysteresis loop is also
a very useful parameter because of the possibility of eliminating the temperature influences and
long-term drift effects of the resonance frequency. An reasonable application-specific compromise
between the sensitivity and the measurement range can be selected by adjusting the excitation
voltage, offering much flexibility. This novel approach turns out to be very promising for compact,
cost-effective, wide-range pressure measurements in the vacuum range.

Keywords: MEMS oscillator; nonlinearity; pressure sensor; roof-tile-shaped mode; AlN

1. Introduction

Micromechanical oscillators enjoy a wide range of applications in many areas. In
consumer and automotive electronics, gyroscopes and accelerometers have become om-
nipresent [1]. Applications that are more specific can be found as microbalances in bio
analytics or as sensing elements in scanning probe microscopy (SPM) [2]. In the upcoming
field of energy autonomous systems, piezoelectric oscillators are used as vibrational energy
harvesters [3]. In some cases and under certain conditions, micro-oscillators may exhibit
nonlinear behaviour. Such nonlinearities have been studied and described, e.g., in signal
processing and amplification [4,5], or else in pressure sensing [6–8] and gas sensing appli-
cations [9], among others. In this context, nonlinearities can strongly affect the frequency
response of micro-oscillators regarding their dynamic range and damping behaviour under
varying ambient pressure and can therefore significantly increase the sensitivity of oscillator
devices [3,4,10]. MEMS oscillators are, e.g., used for leakage detection [11] in autonomous
systems which can be accessed via wireless networks [12] (e.g., tire pressure sensors).

This work focusses on the investigation of the nonlinear Duffing effect of micromechan-
ical silicon cantilevers driven by piezoelectric thin film actuators. In order to understand
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the theoretical background, the description of electrostatically driven Duffing oscillators
known from the literature [13–15] is adapted and expanded to oscillators with piezoelectric
actuation. From this theory, the frequency response is derived and the coefficients for
linear and nonlinear damping can be determined. The theoretical results are compared
with experimentally obtained values for one type of oscillator, where the piezoelectric thin
film actuation area is varied, covering 33%, 50%, or 100% of the cantilever. In contrast
to previous works on the pressure dependence of nonlinear micro-oscillators [6,7], we
use the frequency shift and the frequency hysteresis by the duffing nonlinearity as corre-
lating quantity to the ambient pressure. Therefore, the sensor response is much higher
compared to the classical measurement principle based on the frequency shift of linear
damped oscillators.

2. Theory

2.1. Nonlinear Duffing Oscillator

The model for a linear damped harmonic oscillator driven by a periodic force F(t)
with actuation amplitude Fpiezo and angular frequency ω (=2πf ) is given by the following
differential equation:

..
A + λ

.
A + ω0

2 A =
F(t)
m

=
Fpiezo

m
· sin(ωt) with ω0

2 =
k
m

, (1)

where A(t), λ, ω0, F(t), m, k are the oscillation amplitude of the movement, the linear
damping coefficient, the mechanical angular resonant frequency, the actuation force, the
mass and the linear stiffness parameter of the oscillator, respectively.

Nonlinear behaviour in its simplest form is included by adding a cubic term for
the displacement A together with the nonlinear stiffness parameter β, which leads to an
additional restoring force (see Figure 1). This results in a displacement depending on
the spring constant, leading to a tilting response curve. Thus, we obtain the well-known
Duffing equation [14,16]:

..
A + λ

.
A + ω0

2 A + βA3 =
Fpiezo

m
· sin(ωt) (2)

 

Figure 1. Schematic picture of a piezoelectrically actuated micro-oscillator with force F(t) and mass m.
The moving mass is attached to a fixed anchorage via a linear damper and four springs representing
the linear and the three nonlinear restoring forces.
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This nonlinear differential equation can be solved by the homotopy analysis method
(HAM) to derive the frequency response of the oscillating amplitude A [17]:

A2 =
Fpiezo

2

m2
[(

ω2 − k − 3
4 βA2

)2
+ (λω)2

] (3)

Depending on the sign of the nonlinear stiffness parameter β, the resonant curve tilts
to the left (β < 0) or to the right (β > 0) (see Figure 2a). In terms of a mechanical oscillating
system, a spring softening (β < 0) or else a spring hardening (β > 0) effect can be observed.

 

Figure 2. Numerically simulated frequency response of a Duffing oscillator for varying stiffness coefficients (a) and for
varying actuation forces (b).

Contributions to the stiffness parameter for piezoelectric oscillators are discussed in
the literature and consist of three parts [18–20]: geometric, inertial, and piezoelectric effects.
Here, the geometric part βgeo has a hardening effect, whereas the inertial component βinertial
as well as the piezoelectric influence βpiezo have a softening effect:

β = βgeo − βinertial − βpiezo (4)

The geometrical hardening effect is caused by the rigidity of the solid-state material
at large oscillation amplitudes, which leads to a stiffening of the spring. The inertial
effects appear predominant at high kinetic energies of the oscillator. The inertial effects are
defined by the velocity and the acceleration on the oscillator. These effects are dominating
at higher modes, due to the increase of the resonance frequency as well as the decrease of
the oscillation amplitude. The piezoelectric effects originate from the nonlinear nature of
the deflection of piezoelectric materials when applying high electric fields.

The solution of the Duffing equation for a given frequency is not a single-valued
function. When the non-physical negative values for the amplitude are excluded, the
equation leads to one (stable region of the resonance curve), two (at the jumping point) or
three solutions (unstable region of the resonance curve) for the amplitude response. Within
the unstable region, the amplitude exhibits abrupt jumping phenomena, depending on
the sweep direction. In Figure 2a, the different sweep directions are indicated by dashed
arrows. This leads to a hysteresis behaviour of the amplitude. The strength of the nonlinear
effect and therefore the size of the hysteresis loop is strongly dependent on the amplitude
of the driving force Fpiezo, which in turn depends on the actuation voltage. As can be seen
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in Figure 2b, the hysteresis gap (frequency difference between the two sweep directions)
increases with increasing actuation force.

In the case of piezoelectrically driven oscillators, the actuation force Fpiezo is given
by the electrically induced stress tensor σ of the aluminium nitride (AlN) thin film on the
cantilever. Thus, the mechanical stress can be written in the full Voigt matrix and vector
notation as:

σ = dTE, (5)

with the piezoelectric coefficient tensor dT [21], the electric field E, which is given by the
actuation voltage U, and the thickness of the AlN film t (E = U/t). In our configuration, the
actuation force by the piezoelectric AlN thin film with the actuation area S can be simplified
as follows:

Fpiezo = d31E3 S = d31
U
t

S. (6)

2.2. Ayela’s Model

Due to the fact that the amplitude frequency response of Duffing oscillators is given as
an implicit function (see Equation (3)), a higher numerical effort is necessary to extract the
information from the resonance curve. Therefore, several approximation models have been
established [13,22], to directly evaluate the key parameters out of the resonant behaviour.
Important indicators include the shift of the peak frequencies, Δf up, and Δf down, as well as
the peak amplitudes of the upward sweep direction Aup, and downward sweep direction
Adown (see Figure 3). Ayela et al. [13] derived an approximation for the Duffing behaviour
of electrostatically excited MEMS oscillators, extracting key parameters such as the linear
attenuation and the nonlinear stiffness parameter of the oscillator. In the following, the
major points of the model are presented and summarised in Table 1.

 

Figure 3. Amplitude versus the frequency shift for a damped harmonic oscillator (dotted line) and
Duffing oscillator (solid line). The key parameters according to Ayela’s model are included [9].
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Table 1. Listing of important parameters for characterising the behaviour of Duffing oscillators.

Ayela’s Model [9] Amplitude [mV] Frequency [Hz]

Upward Sweep Aup =
√

Г
λ

Δ fup = 1
2π

Гχ
λ2

Downward Sweep Adown =
(

Г
4χ2

) 1
6 Δ fdown = 1

2π

(
27Гχ

4

) 1
3

The frequency shift Δω caused by the Duffing effect is given by:

ωDuff = ω0 + Δω = ω0 +
3
8

β

ω0
A2 = ω0 + χA2

[
s−1
]
. (7)

The gap between Aup and A ≈ 0 is given by:

ε =
1

2π

λ4

2Гχ
, (8)

with Г being the strength of the actuation, which can be calculated via the upward Ampli-
tude Aup:

Г =
(
λAup

)2
[
m2 s−2

]
=

(
FPiezo
2mω0

)2
. (9)

Combining the equations of the frequency shift in upward and downward directions
leads to an expression for the linear damping coefficient λ:

λ =

√
2 (2π Δ fdown)

3

27πΔ fup
= 2.4184·

√
(Δ fdown)

3

Δ fup

[
s−1
]
. (10)

The nonlinear damping coefficient can either be derived from the downward sweeping
amplitude Adown or by fitting the slope of the frequency shifts as a function of the associated
amplitude Δf up (Aup

2) or Δf down (Adown
2) (see Equation (7)). The nonlinear damping

coefficient χ is given as follows:

χ =

√
Г

4 Adown
6

[
m−2 s−1

]
, (11)

This can be related to the stiffness parameter β by using Equation (7), yielding:

β =
16π

3
χ f0

[
m−2 s−2

]
. (12)

This model is applied to the piezoelectric MEMS oscillator presented in this work to
determine the strength of the nonlinearity.

3. Experimental Section

3.1. Manufacturing

The silicon-based micro-oscillators consisted of a single bending beam, also known as
a cantilever structure, with a length of 3600 μm, a width of 1800 μm, and a thickness of
10 μm (see Figure 4a). The cantilevers were covered by an AlN thin film layer for actuation
and by corresponding gold electrodes for contact. The percentage of coverage of the AlN
film was varied from the whole cantilever for C_100, half of the cantilever for C_50 and a
third of the cantilever for C_33 (see Figure 4b). The cantilevers were fabricated by standard
microtechnology processes, including lithography, sputter deposition and wet/dry etching.
A highly doped p-Si wafer (ρ = 0.01 Ωcm, boron) was chosen as substrate. At first, SiO2 was
grown for electric insulation with a thickness of 120 nm in a thermal oxidation process. The
SiO2 on the bottom side served as an adhesion layer for a 550 nm Si3N4 film, which was
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deposited by PECVD. The Si3N4 film was used as passivation layer for the KOH etching
process as part of the releasing step. Both films were structured in a single lithography step
using AZ 1518 resist and a subsequent etch process in 6% HF solution. The piezoelectric
AlN film with a thickness of 1100 nm was deposited by reactive sputter deposition [21].
After the AlN patterns were lithographically structured, the film was etched with 85%
phosphoric acid at 80 ◦C. The gold electrodes were deposited via DC sputtering and etched
using aqua regia at 25 ◦C. The cantilevers were released in a two-step process. In the first
step, a thin membrane was created by time-controlled KOH etching from the backside.
Afterwards, the cantilevers were released from the front side using a Bosch dry etching
process. In between the two steps, the KOH cavity was filled with AZ 1518 photo resist to
stop the dry etching process and prevent the cantilever from suffering mechanical damage.
Finally, the cantilevers were diced and cleaned with a solution of acetone, isopropanol,
water and ethanol in an ultrasonic bath.

 
Figure 4. Top view on the cantilever structure C_50 (a) and measurement board with the cantilevers
C_33, C_50, and C_100 (from top to the bottom) (b). “A” signifies the actuation electrodes, “S”
signifies the sensing electrodes.

3.2. Experimental Setup

The cantilevers were glued on top of a printed circuit board (PCB) and were electrically
connected by gold wire bonds. The measurement board (compare Figure 4b) was placed
within a custom-built vacuum chamber providing a pressure range from high vacuum
(10−3 mbar) up to atmospheric pressure (900 mbar). Via a feedback loop, the pressure
was adjusted in a dynamic equilibrium by controlling the inlet gas flow with a mass flow
controller (MFC). A pure nitrogen atmosphere was chosen to provide a clean and defined
measurement environment. The pressure was measured using three pressure sensors from
Pfeiffer Vacuum (CMR 261/264/362) with an accuracy of <0.2%. The cantilevers were
excited by a function generator decoupled with a buffer amplifier, providing a sinusoidal
signal with varying amplitude and frequency. When measuring piezoelectrically driven
oscillators, a parasitic crosstalk appears which can be eliminated by a compensation circuit
proposed by Qiu et al. [23]. In addition to the compensation circuit, the PCB board was
equipped with a charge amplifier and with an inverting amplifier. Subsequently, the
resonance curves were measured by recording the compensated and amplified frequency
response of the cantilever with a lock-in amplifier (SR 5210) (see Figure 5).
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Figure 5. Schematic of the experimental setup. The vacuum chamber ranges from 10−3 to 103 mbar.

4. Results

In order to investigate the possibility of using nonlinear Duffing MEMS oscillators for
pressure sensing applications, the frequency response of the presented cantilever structures
was recorded under varying ambient pressure conditions as well as excitation voltages. The
hysteresis behaviour of the frequency response was recorded in upward (u) and downward
(d) sweep direction around the peak frequency. For all AlN-layer coverage sizes the Duffing
behaviour of the cantilevers was investigated up to a frequency of 120 kHz (limitation of
the lock-in amplifier). The detected modes were associated with their shape by correlation
with FEM eigenfrequency analysis and with recordings of a laser Doppler vibrometer
(UHF-120 from Polytec).

The resonance curve of the micro-oscillator operating in the same higher mode can
be seen in Figure 6. The results show hysteresis behaviour depending on both excitation
voltage and ambient pressure. An increasing ambient pressure p leads to a decreasing
hysteresis gap until it finally disappears (see Figure 6a,b). The influence of the ambient
pressure on the frequency response is given by the linear damping coefficient λ, which
increases with increasing pressure. In addition, the peak amplitude as well as the hysteresis
loop become larger with increasing excitation voltage (see Figure 6c). These proportion-
alities are in accordance with the Duffing theory presented above (see Figure 2b). The
dependency of the excitation voltage on the frequency response can be directly derived by
taking Equation (6) into account.

The presented results show the frequency response of cantilevers with different AlN-
coverage sizes (33 to 100%), operated in the same mode. A difference in the eigenfrequency
appears that is mainly caused by fabrication tolerances (cantilever thickness) and, to a
lesser extent, by the difference of the coverage sizes of the AlN/Au stack. The presented
eigenmode is the so-called second roof-tile-shaped mode, which has been found to be
advantageous for operating in heavily damped environments [24] and therefore possesses
relatively large oscillation amplitudes, leading to strong Duffing effects.

Interestingly, the results in Figure 6a,b indicate a spring softening effect for 100% AlN
coverage, whereas a spring hardening effect occurs for a cantilever with 33% AlN coverage,
but otherwise identical geometry and mode (compare Figure 6c). According to Equation
(4), the nonlinearity can be divided into a geometric part, an inertial part and a piezoelectric
part [18]. The geometric nonlinearity has a spring hardening effect, whereas both inertial
and piezoelectric nonlinearities have a spring softening effect. This could explain why
a larger coverage area of the AlN film (C_100, Figure 6a,b) can overcome the originally
dominant geometric spring hardening nonlinearity (C_33, Figure 6c) and changes it into a
spring softening nonlinearity. The fundamentals behind this influence of the piezoelectric
coverage area on the softening/hardening behaviour require more detailed investigation,
and will be analysed in a future work. Moreover, a mode-matching optimisation of the
electrode shape as well as a phase-correct actuation scheme seems promising for enhancing
both sensing and actuation [25].
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Figure 6. Amplitude frequency response in upward (u, solid) and downward (d, dotted) sweep of the 2nd roof-tile-shaped
mode of sensor C_100 for different ambient pressures and for an excitation voltage of 0.5 V (a) and 1.25 V (b), respectively.
Amplitude frequency response in upward (u, solid) and downward (d, dotted) sweep of the 2nd roof-tile-shaped mode of
sensor C_33 for different excitation voltages at a fixed ambient pressure of 1 mbar (c).

To investigate the strength of the nonlinear Duffing effect, the frequency response was
measured for the first four bending modes, and for the 2nd roof-tile-shaped mode. This
was done at the best available vacuum level (10−3 mbar) to suppress the damping from
the surrounding fluid. The stiffness parameter β, and the frequency shifting parameter
χ (see Equations (11) and (12)) were analysed to understand the dependency of these
parameters with respect to the coverage size and the mode shape. In Figure 7 the frequency
shift of the peak amplitude in dependency of the squared measured amplitude is shown
for both sweep directions (compare Equation (7)). The first bending mode exhibits the
smallest frequency shift and biggest amplitude signal, therefore the frequency shifting
parameter χ resulting from the linear fit will be the smallest. For all three coverage sizes, the
frequency shifting parameter is on the same order of magnitude. The higher modes show a
significantly higher frequency shift at smaller amplitudes and therefore possess a much
higher value for the frequency shifting parameter. In particular, the 2nd roof-tile-shaped
mode exhibits very high values, indicating a strong nonlinear Duffing effect. All results are
summarised in Table 2.

The 2nd roof-tile-shaped mode (see Figure 7d,f) shows the highest value for χ within
these experiments, and therefore has been chosen for further investigations under varying
ambient pressure. Additionally, the spring softening behaviour of sensor C_100 operating
in this mode is an interesting aspect.

49



Actuators 2021, 10, 172

A

f f
A

f
f

f
f

A

A

A

A

Figure 7. Frequency shift vs. squared measured amplitude for C_33 (a), C_50 (b), and C_100 (c) in the first bending mode,
C_33 in the second roof-tile-shaped mode (d), C_100 in the fourth bending mode (e) and in the second roof-tile-shaped
mode (f) at 0.001 mbar. The shape of the respective eigenmodes is shown in the inserts.
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Table 2. Listing of determined key parameters for the presented sensors and mode shapes of Figure 7.

Sensor Mode Resonance Frequency f r [Hz] Sweep Direction χ [m−2s−1] β [m−2s−2]

C33 1st bending 1396.6
up 0.0744 1741

down 0.0683 1598

C50 1st bending 1448.3
up 0.3485 8457

down 0.3307 8025

C100 1st bending 967.9
up 0.1975 3203

down 0.1842 2987

C100 4th bending 35543
up 50.122 29.8 × 106

down 51.093 30.4 × 106

C33 2nd roof-tile-shape 42704.5
up 435.61 31.2 × 107

down 434.99 31.1 × 107

C100 2nd roof-tile-shape 47355.5
up −1226.5 −97.3 × 107

down −1160.7 −92.1 × 107

The possibility of cantilever structures exploiting Duffing effects for pressure sensing
purposes was investigated by recording the frequency response under a defined pressure
(see Figure 6). The amplitude was measured in both sweep directions for different exci-
tation voltages. In the following, the resonance curves are analysed regarding their peak
amplitudes and peak frequencies in upward and downward sweep directions. It turned
out that the best correlation between measurement and ambient pressure could be achieved
by the shift of the peak frequencies in upward direction in the case of hardening effects,
and shift of the peak frequencies in downward direction in the case of softening effects,
respectively (see Figure 8a,c). Thereby, the shift is related to the resonance frequency of the
linear oscillator, which can be measured by applying a lower excitation voltage where no
nonlinear effects occur.

The best results in the sense of maximum sensitivity were obtained by cantilever C_100,
with an excitation voltage of 1.5 Vpp. A linear frequency shift of 648 Hz was measured
over three pressure decades, resulting in a sensitivity of 216 Hz/decade. Normalised
to the resonant frequency of 47.4 kHz, this means a frequency shift of 0.46%/decade in
linear approximation. By decreasing the excitation voltage, the saturation effect can be
delayed. Thus, the measurement range increases at the expense of sensitivity. Depending
on the application, a reasonable compromise between sensitivity and measurement range
can be adjusted by choosing an appropriate excitation voltage. Furthermore, the size of
the hysteresis loop, given by the difference of the peak frequencies in both directions, is
strongly affected by the ambient pressure (see Figure 8b,d). Qualitatively, this measurement
shows the same behaviour as the peak frequency. The absolute values are smaller because
the shift in the other sweep direction is subtracted, and therefore the sensitivity (change of
measurement value with pressure) is slightly smaller. An advantage of this measurement
principle could be that environmental factors such as temperature effects or long-term drift
effects influencing the resonance frequency can be cancelled out more easily [26–29]. Other
parameters, such as, e.g., peak amplitudes, are also affected by the ambient pressure [8],
but the absolute change is relatively small and more difficult to detect. For this reason, the
frequency measurement is preferable. A measurement series investigating the stability of
the frequencies results in a standard deviation of 2.6 Hz (corresponding to 56 ppm), and
therefore provides a reliable measure for detecting the ambient pressure.

A comparison with results obtained in previous works is shown in Table 3, ranking
the performance of the presented AlN nonlinear micro-oscillator. Since the plot in Figure 8
is on a logarithmic scale, a nonlinear behaviour to the measured variable, the ambient
pressure, can clearly be seen. Thus, it can be deduced that the sensitivity decreases with
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increasing pressure, when linearising this value for the individual pressure decades. The
results indicate that the sensitivity related to the resonance frequency is exceeding the
values obtained in the previous works, for nearly all pressure ranges, or else it is at least
comparable. A special feature is the wide measurement range down to the high vacuum
regime where most mechanical sensor principles have their limitations. In this low-pressure
area, our sensor exhibits its highest sensitivity.

Figure 8. Frequency shift caused by the Duffing effect in dependency of the ambient pressure for
the 2nd roof-tile-shaped mode of C_33 (a) and C_100 (c) for varying excitation voltages. Frequency
hysteresis between the sweep directions in dependency of the ambient pressure for the 2nd roof-tile-
shaped mode of C_33 (b), and C_100 (d) for varying excitation voltages.

Table 3. Comparison of the key parameters for different pressure sensing systems.

Sensor
Measurement Range

[mbar]
Sensitivity
[Hz/mbar]

Sensitivity
[ppm/mbar]

Measurement Principle Resonance Frequency

Zuo [30] 50–2000 16.5 0.1 AlN Contour mode
resonator 140 MHz

Wang [31] 100–4000 221 0.27 AlN Contour mode
resonator 820 MHz

Anderas [32] 0.1–500 360 0.4 AlN Contour mode
resonator 900 MHz

Rodriguez-Madrid [33] 1000–4000 330 0.03 AlN Surface acoustic
wave resonator 10.8 GHz

Han [34] 0.01–2000 1.9 35 Capacitive oscillator with
piezoelectric read out 53 kHz

Shi [35] 100–1500 8 94 Capacitive oscillator with
piezoelectric read out 85 kHz

This work
C_100

U = 1.5 Vpp

1–10
10–100

100–900

17
3.4

0.23

362
72
4.9

Duffing nonlinearity 47 kHz

This work
C_100

U = 1.25 Vpp

0.001–1
1–10

10–100
100–300

136
13
2.6

0.35

2894
277
55
7.4

Duffing nonlinearity 47 kHz
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In the next steps, the gas type dependence will be investigated by characterising
the sensor under different gas atmospheres as well as the temperature influence of the
measurement principle. A further work which investigates the nonlinear effect of different
geometries and modes to optimise the sensor response can already be found in [36].

5. Conclusions

In this study, we analysed the frequency response of a cantilever structure with
different piezoelectric AlN coverage sizes. The resonance behaviour was investigated with
a focus on the nonlinear Duffing effect. The strength of the nonlinearity was experimentally
identified, and the Duffing parameters were determined for each AlN coverage size and
for each eigenmode. Based on these results, the 2nd roof-tile-shaped mode, which was
found to be the best mode according to the stiffness parameters, was selected for pressure
measurements over a wide range of six decades. The quantity with the strongest correlation
to the ambient pressure was found to be the frequency shift of the peak amplitude. For the
2nd roof-tile-shaped mode, a maximum sensitivity of 0.29%/mbar for the high-vacuum
regime was experimentally found. In addition, the influence of the excitation voltage
was shown, revealing the possibility of adjusting the sensitivity and measurement range
depending on the specific application. Compared to the other measurement principles
presented in the paper, the frequency shift induced by the Duffing effect of piezoelectrically
actuated MEMS oscillators offers a significantly higher sensitivity, exceeding existing work,
especially in the high-vacuum range.

The current state of the art for high-dynamic-range pressure sensing in vacuum
chamber applications usually requires a combination of several high cost sensors (e.g.,
Pirani and membrane). The new principle introduced in this work, using the Duffing-effect-
induced frequency shift of a micro-oscillator to obtain high-quality pressure measurements,
opens up an opportunity for a new class of wide range vacuum sensors, which can be
fabricated in a much more cost-effective way. Alternatively, the size of the hysteresis loop
can also be exploited with the same type of sensor, giving the advantage of reducing
environmental factors such as temperature effects or long-term drift. In future work, the
fundamentals behind the strong Duffing effect of the selected mode need to be clarified
more precisely, as well as the influence of the actuator coverage size on the spring softening
or spring hardening behaviour.
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Abstract: The contact interface variables are difficult to measure for an ultrasonic motor. When
the ultrasonic motor works under different preloads, the error between the traditional efficiency
model and the real output is quite large. In order to solve these two problems, we propose a novel
efficiency model. It takes measured preload and the feedback voltage data as the input, which may
offer better accuracy and on-line ability. Firstly, the effect of the preload on the drive characteristics is
investigated, and the relationship between preload and the change in motor energy input is analyzed.
Secondly, a contact model based on measured preload and feedback voltage is built, providing a
more accurate description of the contact variables. Finally, an efficiency model was developed with
a new composite stator structure. A preload test rig for a 60 mm ultrasonic motor is built and real
operating conditions are measured. The results show that the correlation coefficient of the present
model is 0.991, larger than 0.925 of the conventional model. The proposed model is more consistent
with the real working conditions for the motor.

Keywords: ultrasonic motors; preload; feedback voltage; contact interface; efficiency model

1. Introduction

Ultrasonic motors have the advantages of high torque density, high power density,
compact structure, high positioning accuracy and fast response speed [1]. It has been
broadly used in the fields of robotics [2], medical devices [3–5], microdrives [6–9] and
precision drive platforms [10,11]. The output efficiency is one of the crucial performance
indicators for actuators [12]. The contact interface between the stator and the rotor plays a
key role in output efficiency. Besides the pressure and friction state, the motor working
principle may involve a complex multi-physical field coupling process. Thus, the contact
variable under different preloads has drawn many scholar’s study interest.

The energy output of a motor comes from two main processes, the generation of
traveling waves on the stator surface and the transfer process at the contact interface, so the
prerequisite for the study of output efficiency is the analysis of the contact interface. For the
motor contact interface, the contact models proposed so far have made more simplifications,
many of them only consider the motion of the stator surface mass in the circumferential
and axial directions of the contact interface. In order to improve the positioning accuracy
elastomers of the head in the positioning control system of a hard disk drive, Shen [13]
developed a three-dimensional finite element contact model to analyze the fatigue and
wear processes of the friction material. Ren [14] used the finite element software ADINA to
analyze the radial, circumferential and axial displacements of the contact points. Ran [15]
developed a novel three-dimensional model on a cylindrical coordinate system to describe
a miniature piezoelectric actuator without a tooth structure on the stator surface in order
to study the drive characteristics of Micro Electro Mechanical Systems(MEMS). The finite
element model is undoubtedly more accurate, but the more complex model may result in
difficulties in constraint adjustment.
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In order to simplify the contact model, many researchers have utilized two-dimension
modes. Most of these models consist of the circumferential and axial motion of a mass point
on the stator. For the transient response of the rotor of an ultrasonic motor, Tomoaki [16]
developed a point contact model based on the elliptical trajectory of the stator surface mass.
This model described the dynamic processes of torque and angular velocity of the motor
rotor. For validation, he used a high-speed microscope to observe the elliptical trajectory
and amplitude. Radi [17] derived a mathematical model to define the dynamic contact state
between the stator ring and the friction body. It could be used to predict the failure source
for ultrasonic motors. Renteria-Marquez [18] developed a new two-dimension contact
model with the finite volume method. The calculation results and the actual data showed a
good agreement. It can be seen that mathematical models also play an important role in
the study of describing contact interfaces. It has been proved that these simplified models
would work well in kinematic and dynamic studies for ultrasonic motors. However, for
the output efficiency calculation, the relationship between the preload and the feedback
voltage needs more detailed study.

A lot of work has been performed on the output efficiency. Zhang [19] changed
the friction angle of the tooth structure on the stator surface, increasing the maximum
efficiency of an ultrasonic motor by nearly two times. Liu [20] designed a traveling wave-
type hollow ultrasonic motor to improve the output efficiency by determining the effective
electromechanical coupling coefficient of the stator. The effect of the stator vibration mode,
stator ring and piezoelectric sheet structure size on the effective electromechanical coupling
coefficient was investigated. The experimental results of the maximum efficiency were
very close to the actual data. The above studies derived mathematical models directly, and
merely focus on a certain preload for a certain structure. Furthermore, the supports by the
real-time measurement are not mentioned too. The literature [21] establishes a basic idea for
efficiency calculations, where many of the parameters need to be measured experimentally.
Contact parameters for different preload conditions are measured experimentally with
greater inconvenience. The method given in this paper will improve the accuracy of the
contact parameters for different preload conditions by identifying the parameters for the
easily measured preload and feedback voltage, which can improve the accuracy of the
output efficiency prediction of the traveling wave type ultrasonic motor.

In order to model the contact state, we identify the conversion factor by the preload
and feedback voltage, rather than theoretically derivation. The load and the voltage are
measured in real-time, which improves the accuracy of the contact model. This method
allows us to collect the contact variables at different preloads on-line. The contact variables
can be used directly in the efficiency model.

The paper is organized as follows: Section 2 describes the theoretical process of the
contact and efficiency models, Section 3 shows the ultrasonic motor preload experiments,
simulation results and experimental results. Section 4 gives the conclusions of the paper.

2. Motor Models

In this section, the contact and efficiency models of ultrasonic motors are investigated.
For the contact model, variables, such as the amplitude and contact range of the contact
interface, are relatively difficult to measure during motor operation. The traditional two or
three-dimensional geometric models established in the analytical method can also cause
distortions due to excessive simplification. The literature [22] gives a parameter identifi-
cation method for preload and feedback voltage. It provides a simple prediction for the
contact variables under different drive frequencies. Thus we expanded this identification
philosophy and proposed a new approach for the preload study. The new method is
based on the preload and feedback voltage data measured on-line. The conversion factor
is computed by preload and feedback voltage under different preloads. The efficiency
model uses the stator ring and the piezoelectric sheet as a composite structure to calculate
the damping loss, the real-time contact state will be directly used as a parameter in the
efficiency model, which distinguishes the new model from others.
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2.1. Contact Model

The contact interface has three variables that need to be analyzed. The first is the
contact length x0, which is the circumferential distance between the two ends of the contact
zone. A contact zone is a set for all the contact points in a single wave crest. This distance
would change with the wave traveling so it may be written as x0(t). Similarly, we can
define the second parameter. The drive length xr is the circumferential distance between
the two equivalence speed points and can be written as xr(t). The equivalence speed point
is the dividing point between the drive zone and hindrance zone. On these two points, the
friction surface micro mass and the overall rotor have the same circumferential speed. The
last one W is the amplitude of the stator surface mass. Figure 1 shows a simplified diagram
of the stator–rotor contact interface.

 
Figure 1. Model drawing of a wire spring at the stator–rotor contact interface.

The relationship between the feedback voltage and amplitude can be expressed as
follows [23]:

Vf = KWV(W sin(ωt) + W cos(ωt)) =
√

2
2

KWVW cos
(

ωt +
π

4

)
(1)

where Vf is the feedback voltage; KWV is the conversion factor of the feedback voltage
to amplitude.

The angular speed coefficient � could be calculated by the modal mass ms and the
modal stiffness ks as follows. The relative damper ratio can be written as the function of
these two parameters too.

� = ω/ωn = ω

√
ms

ks
(2)

ξ = cs/
(

2
√

msks

)
(3)

where ωn is the angular velocity at the resonant frequency with zero preload; cs is the
modal damping of the stator.

The equivalent stiffness factor of the friction layer k f is:

k f = Ef b f /h f (4)

where Ef , b f and h f are the modulus of elasticity, radial contact width and thickness of the
friction layer.

When preload is applied, the relationship between contact distance and preload FN
can be expressed as:

FN = 2n
∫ x0

0
k f W(cos(kx)− cos(kx0))dx (5)
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where contact length is x0 < λ/4.
The second-order dynamics model of the motor can be expressed as [24]:

ms
..

W + cs
.

W + ksW = N1Vd − FN (6)

where Vd is the drive voltage.
Apply Equation (5) into Equation (6), which gives:

ms
..

W + cs
.

W + ksW = N1Vd − N21

(
2nk f W/k

)
[sin(kx0)− kx0 cos(kx0)]− N22FN (7)

Take ks
′ as the additional stiffness of the stator.

ks
′ = N21

(
2nk f /k

)
[sin(kx0)− kx0 cos(kx0)] (8)

The following equation is obtained:

FN =
(N1Vd − N22FN)/ks√

(1 + k′s/ks − �2)
2 + (2ξ�)2

2nk f

k
[sin(kx0)− kx0 cos(kx0)] (9)

where N1 is the electromechanical coupling coefficient; N22 is the force coefficient affecting
the amplitude.

When the drive voltage, drive frequency and preload are given, the contact length can
be obtained by Equation (9).

The output torque can be calculated from the contact distance as follows:

χ(x) = sin(kx)− kx cos(kx0) (10)

MT =
rμFN
χ(x0)

[2χ(xr)− χ(x0)] (11)

where r is the rotor radius; μ is the coefficient of friction.
When the preload and the contact distance are certain, the output torque is zero and

the drive length can be obtained [25].
The tangential velocity vs at the stator surface can be expressed as:

vs(x) = kWh0ω cos(kx) (12)

where h0 is the distance from the stator tooth surface to the neutral plane.

vr = vs(xr) (13)

When a certain amount of preload is applied, the amplitude can be expressed as:

W =
(N1Vd − N22FN)/ks√

(1 + k′s/ks − �2)
2 + (2ξ�)2

(14)

2.2. Efficiency Model

Ultrasonic motors generate various forms of energy losses during operation. The
losses include the piezoelectric sheet wear, the damping loss due to stator vibration, and the
friction loss at the contact interface. In the contact model, the contact angle is derived from
the measured preload and feedback voltage, and the contact angle will be used directly as
input parameters to the efficiency model.

The loss in piezoelectric sheets mainly includes dielectric loss, damping loss and
electromechanical loss, in which the dielectric loss accounts for the largest proportion. As
the piezoelectric sheet is pasted on the stator ring, the piezoelectric ceramic and stator ring
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can be used as a composite structure of the stator when considering the damping loss. The
electromechanical loss may be neglected due to their small values.

The tangent to the dielectric loss angle δ can be expressed as the following equation:

tan δ =
1

ωCRn
(15)

where C is the static capacitance and Rn is the equivalent resistance of the dielectric.
The dielectric loss over one drive voltage cycle can be expressed as:

W1 =
V2

d sin δ

Rd
T (16)

where Rd is the load-bearing equivalent resistance; T is the drive voltage period.
The piezoelectric sheet generates damping losses under high-frequency vibrations

and the stator ring undergoes forced vibrations under the excitation of the piezoelectric
sheet. Here the stator ring and piezoelectric sheet are used as a composite structure. The
damping loss of the composite structure can be expressed as the following equation.

W2 = kπ

2πr/k∫
0

(
Eeq Ieηe + Ep Ipηp

)(∂2u
∂x2

)2

dx = 8π5W2k4(Eeq Ieηe + Ep Ipηp
)
/(2πr)3 (17)

where Eeq and Ep are the equivalent Young’s modulus of the stator ring and piezoelectric
sheet respectively; Ie and Ip are the cross-sectional moments of inertia of the two respec-
tively; ηe and ηp are the damping coefficients of the two respectively. The variable μ of the
second-order partial is expressed as the position on the stator structure.

The diagram below shows the schematic of piezoelectric composite structure.
In Figure 2, the width of the stator ring and stator ring is be. The height of the stator

teeth is ht. The height of the stator ring plus stator teeth is he. The stator height is h and the
width of the piezoelectric ring is bp.

Figure 2. Schematic of piezoelectric composite structure.

The cross-sectional moment of inertia of the stator ring Ie and piezoelectric sheet Ip
can be expressed as:

Ie = be
D3 + (he − D)3

3
(18)

Ip = bp
(h − D)3 + (he − D)3

12
(19)

h = he + hp (20)

D =
Eeqh2

e be + 2Ephphebp + Eph2
pbp

2
(
Eeqhebe + Ephpbp

) (21)

where D is the distance from the upper surface of the stator ring to the neutral layer. The
neutral layer is illustrated in Figure 2.

Figure 3 illustrates the parameters of the contact model during a traveling wave period.
The contact model gives a radian ϕ from the contact length x0, which is calculated on the
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measured preload and feedback voltage in Section 2.1. φ is half of the range except for the
contact zone. Then, we can get ϕ = π − 2φ.

 

Figure 3. Schematic diagram of the contact model.

The frictional energy loss at the contact interface during a drive voltage cycle can be
expressed as:

W3 = k λ
ω

∫ π−φ
φ εΔF(v − vm)

2dθ =k λ
ω

∫ π−φ
φ εΔF(vs0 sin θ − vm)

2dθ

= kεWH 2π
ω

[
M1v2

m − M2vs0vm + M3
v2

s0
2

] (22)

where ε is the proportionality constant reflecting the magnitude of the frictional force; vs0
is the tangential velocity of the wave crest mass on the surface of the stator traveling wave.
vm is the rotor speed. v is the velocity of the surface mass of the traveling wave.

The four coefficients in Equation (21) can be expressed as:

H = k f /k (23)

M1 = 2 sin
ϕ

2
− ϕ cos

ϕ

2
(24)

M2 = ϕ − sin ϕ (25)

M3 =
1
3

sin
3
2

ϕ + 3 sin
ϕ

2
− (ϕ + sin ϕ) cos

ϕ

2
(26)

The output energy of the motor during one drive voltage cycle is:

Wout =
∫ t+T

t
Tloadωmdt (27)

where Tload is the load torque; ωn is the rotor angular speed.
The output efficiency of the model was obtained as:

η f =
Wout

Wout + W1 + W2 + W3
(28)

It is quite difficult to measure the three energy losses W1, W2 and W3. Thus, we count
the efficiency directly by the ratio between the input and output energies. The input energy
of the motor during one drive voltage cycle is:

Win =
∫ t+T

t
IT · Vddt (29)
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The experimentally measured output efficiency ηm of the motor can be expressed as:

ηm = Wout/Win (30)

3. Simulation and Experimentation

In order to verify the above model, we build a simple test rig for an ultrasonic motor.
As shown in Figure 4. The TRUM-60 was driven by an ultrasonic motor driver.

The preload was provided by a servo-electric cylinder (DDA-40, Dingying Intelligent
Equipment Co., Ltd., Shenzhen, China). The servo-electric cylinder is driven by an actuator.
A pressure transducer (TSC-1000, Toledo Corporation, Shanghai, China) sensed the preload
and generated a force signal which was displayed by a digital display device. Torque
sensor (CYT-303, Tianyu Hengchuang Sensor Technology Co., Ltd., Beijing, China) with
data acquisition module (PXI-1031, NI, Austin, TX, USA) can record motor speed, torque
and power signals. The tension controller (SC-1K, Lanling Mechanical and Electrical
Technology Co., Ltd., Jiangsu, China) provides a stable current input to the magnetic
powder brake (FKG-10, Lanling Mechanical and Electrical Technology Co., Ltd., Jiangsu,
China). The magnetic powder brake provided a simulated load for the TRUM-60. The
digital oscilloscope is used to measure the electrical signal of the ultrasonic motor.

 

Figure 4. Diagram of ultrasonic motor experimental device.

This section analyses the drive characteristics and simulates the contact and output
efficiency models, and verifies the validity of the output efficiency model through experiments.

3.1. Drive Characteristics

This section investigates the drive characteristics of the motor, using experiments to
measure the effect of different preload on the two-phase drive voltage and input current.
The results are shown in Figure 5.

The drive frequency is 42 kHz. As can be seen from Figure 5a, when the motor is at no
load and the preload increases from 50 N to 300 N, the two-phase drive voltage amplitude
gradually decreases, but the magnitude of the decrease is not obvious and is reflected in
the Lissajous curve, where the enclosed zone gradually decreases and reaches a minimum
at 350 N. When the preload reaches 350 N, the A-phase drive voltage amplitude decreases
to 110 V and 112 V in the opposite directions. The B-phase drive voltage amplitude
decreases to 101 V and 96 V in the opposite directions. The four voltage amplitudes have
an average value of 106 V, which is 35 V less than the average value at 50 N. As the preload
continues to increase, the two-phase voltage amplitude begins to increase again. Too much
voltage difference between phase A and phase B will damage the amplitude stability of the
traveling waves. If this situation happened, the stator surface mass of the elliptical motion
trajectory would distort, causing unstable operations due to a poor contact state. Figure 5b
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shows that when the preload is 350 N and drive frequency is 42 kHz, the amplitude of the
drive voltage increases as the load increases. Therefore, it can be summarized from the
above two figures that, for the drive voltage without any load, an increase in preload will
result first in a decrease and then an increase. When the motor has a certain preload, the
drive voltage will increase with the load.

  
(a) (b) 

Figure 5. Variation of two-phase drive voltage with preload: (a) No-load status; (b) Different load states at a preload of
350 N.

The drive frequency is 42 kHz. The load is zero. Figure 6 shows that as the preload
increases, the current increases exponentially. The minimum current is 0.22 A at 50 N
preload, When the preload is 400 N the maximum current is 0.6 A.

 
Figure 6. Current variation at different preloads.

The input power is equal to the drive voltage multiplied by the input current, both
the drive voltage and the input current vary with preload. Therefore, an increase in the
preload or in the load will result in an increasing the energy input to the motor.
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3.2. Contact Characteristics

The no-load speed and feedback voltage were collected at different preloads. Then we
fitted these data with reference to the literature [22]. The motor identification parameters
are shown in Table 1. The relevant performances were measured and listed in Table 2.

Table 1. Motor identification parameters.

Motor Identification Parameters Value

h0(m) 4.0 × 10−3

Ef
(

N/m2) 4.3 × 109

b f (m) 3.2 × 10−3

ms(kg) 0.55 × 10−3

cs(Ns/m) 8.8 × 10−2

ks(N/m) 345
μ 0.24

r(m) 3.0 × 10−2

tanδ 3.5 × 10−3

Table 2. Contact model parameter.

Preload (N) No-Load Speed (rpm) Feedback Voltage (V) Conversion Factor

100 106 38 3.07 × 107

200 144 46 3.24 × 107

300 138 40 3.11 × 107

400 89 34 2.86 × 107

Putting the above conversion factors into the contact model, we can obtain the varia-
tion of the contact interface within a wave lengths. Five characterristc curves, including the
contact angle and length, the drive angle and the length, and the amplititude, are shown in
Figure 7.

In Figure 7a, the drive frequency is 42 kHz and the drive voltage is 150 V. The contact
length increases rapidly as the preload increases from zero. As the preload increases to 50 N,
the growth of the contact length begins to slow down. The growth rate is approximately
1.8 × 10−3 mm/N until the contact length gradually reaches a quarter of the wavelength.
The trend of the contact angle is similar to that of the contact length.

In Figure 7b, the trend of the drive angle and length are similar to that of the contact
length. However, they are much less than the contact angle and length.

Figure 7c shows the relationship between amplitude and preload. The amplitude
increases slightly when the preload is 0 N–100 N and decreases rapidly when it is greater
than 100 N until the preload increases to 300 N. After that, the amplitude begins to decrease
more slowly.

The above shows that there is a drive and hysteresis zone at the contact interface. The
size of these drive two zones is non-linear, and the tooth structure on the stator will directly
exacerbate this non-linear effect.

3.3. Efficiency Features

The output efficiency model was simulated to obtain three energy losses in one
traveling wave cycle. The simulation curves are shown in Figure 8.

From Figure 8a, the dielectric loss is defined by the drive voltage and the electrical
parameters. The drive voltage is influenced by preload. Based on the results in Section 3.1,
we can find that the dielectric loss follows a similar trend to the drive voltage with preload.
Dielectric loss decreases and then increases with preload. Losses are minimized when the
pre-pressure reaches 350 N. Figure 8b shows that the damping loss of the composite stator
follows a similar trend to the variation of amplitude with preload. It keeps increasing in the
range 0–100 N. When the preload is 100 N–300 N, the damping loss decreases rapidly. After
that, the decrease slows down and W2 tends to 5 × 10−3 J. This is because the energy loss
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in material bending is proportional to the square of the vibration amplitude, the bending
stiffness and bending angle, according to Equation (17). Figure 8c shows that the frictional
losses will increase with increasing preload.

  
(a) (b) 

 
(c) 

Figure 7. Contact interface parameters for no-load conditions at different preloads: (a) Contact length and contact angle;
(b) Drive length and drive angle; (c) Amplitude.

Figure 9a shows the efficiency’s overall map with the preload and output torque. The
driving frequency is 42 kHz. The drive voltage is 150 V. The output efficiency’s 3D surface
basically maintains the trend of increasing and then decreasing. We choose a typical 0.2 N.m
torque and illustrated the simulation and experimental result in Figure 9b. A simulation
curve with the traditional model is added for comparison. The driving frequency is 42 kHz.
The drive voltage is 150 V. The experimental curve is below the simulation curve of the new
model for two main reasons: firstly, the efficiency model is built with more simplifications,
simplifying the stator ring with teeth to a simply supported beam, resulting in smaller
stator damping losses than the actual losses; compared to the 3D contact model, the contact
interface is simplified to a 2D contact model, and no radial sliding losses are considered.
Secondly, only three relatively large energy losses are considered in the efficiency model,
and other loss types are not accounted into simulations.

It can be seen from Figure 9b that the efficiency model in this paper has a higher
correlation than the traditional efficiency model [26]. The Pearson correlation coefficient
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between the traditional efficiency model and the real working condition of the motor is
0.925, while for the new model it is 0.991.

  
(a) (b) 

 
(c) 

Figure 8. Three types of energy loss versus preload for one travelling wave period: (a) Dielectric loss W1; (b) Damping loss
W2; (c) Frictional loss W3.

  
(a) (b) 

Figure 9. Motor output efficiency: (a) Experimental results of preload–load torque–output efficiency; (b) Comparison of
output efficiency for a load torque of 0.2 N.m.
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4. Conclusions

In this paper, a contact model and efficiency model based on measured preload and
feedback voltages are presented. The contact interface parameters and output efficiency
of the ultrasonic motor are analyzed by measuring the preload and feedback voltage
in real-time. Through the simulations and test experiments, the following conclusions
are obtained:

(1) The proposed new model could offer more accurate interface variables by real-time
identifications. The composite stator structure allows us to calculate the output per-
formance more easily. Comparing with the traditional model, the Pearson correlation
coefficient with real operating conditions increases from 0.925 to 0.991. A higher
Pearson coefficient may lead to a better quality for simulations.

(2) The simulation results of the contact model show that the proportion of the drive zone
to the contact zone gradually decreases with the preload. The stator surface mass
vertical amplitude first increases and then decreases. The amplitude keeps a larger
value when the preload is within 200 N. The maximum amplitude is 1.6 microns
when the preload is 120 N.

(3) By the motor drive characteristics test, we found that when the motor is in the no-load
state, the drive voltage first decreases and then increases with the preload increases.
When the load increases from zero to 0.2 N.m, the drive voltage gradually increases
with a constant preload. For a constant load, the input current and the input energy
will also increase with the preload.

(4) The friction loss, increasing with the preload, accounts for the largest proportion of
the three kinds of losses. As to the stator damping loss, the amplitude of the stator
surface mass plays a very important role, which reaches its peak when the preload is
about 100 N.
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Abstract: This paper presents a structural geometry for increasing piezoelectric deformation, which
is suitable for both micro- and macro-scale applications. New and versatile microstructure ge-
ometries for actuators can improve device performance, and piezoelectric designs benefit from a
high-frequency response, power density, and efficiency, making them a viable choice for a variety of
applications. Previous works have presented piezoelectric structures capable of this amplification,
but few are well-suited to planar manufacturing. In addition to this manufacturing difficulty, a
large number of designs cannot be chained into longer elements, preventing them from operating
at the macro-scale. By optimizing for both modern manufacturing techniques and composability,
this structure excels as an option for a variety of macro- and micro-applications. This paper presents
an analytical compact model of a novel dual-bimorph piezoelectric structure, and shows that this
compact model is within 2% of a computer-distributed element model. Furthermore it compares the
actuator’s theoretical performance to that of a modern actuator, showing that this actuator trades
mechanical efficiency for compactness and weight savings.

Keywords: piezoelectric; actuator; robotic; MEMS

1. Introduction

Applications of the inverse piezoelectric effect have been limited to a high-force,
low-deflection regime due to the piezoelectric effect’s generation of low strain, on the
order of 0.1% [1] at a maximum, even for highly optimized materials. This low strain
requires amplification of the deflection for a majority of applications. A number of designs
exist for amplifying the deflection of a piezoelectric element [2], with the majority of
these suffering from low active element density. These designs require a large amount
of passive material to amplify to large deflections, decreasing the energy density of the
overall actuator. In addition to their low density, these designs are rarely chained together
to make longer actuators. This lack of flexibility and performance limits their usefulness in
all but the most specific of applications.

One extant class of actuator which avoids these problems is telescoping actuators [3].
These actuators employ a series of meandering piezoelectric cylinders to gradually build
displacement through the chain. Therefore, the displacement amplification is equal to
the number of shells. While these actuators do excel in high-force and low-displacement
applications, they are not suited to modern microfabrication techniques as they are highly
non-planar. Planar designs operating on the same principles have been presented [4], but
these still suffer from relatively low displacement amplification.

A second class of actuators that can greatly amplify generated strain, typically called
flextensional actuators, does so through the trigonometric amplification of large contiguous
piezoelectric elements [5–7]. This approach benefits from relatively simple designs, which
are well-suited to planar manufacturing [8]. By varying geometric parameters, these
actuators can be designed for a range of forces and deflections. The direction of actuation
depends on the polarity of the d31 coefficient for the material used. This dependence
means that a single material and geometry cannot be used to generate both expanding and
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contracting actuators that exceed the coercive fields [9]. Staying below the coercive field,
while possible, reduces the maximum force for actuators substantially. Due to this limitation,
actuators of this class needing to operate in the inverse of the material’s piezoelectric
coefficient suffer as compared to other actuator designs.

The final class of actuator discussed here is based on bimorphs. This class is both
composable and amplifies strain to great extremes. Of the simple amplification schemes,
bimorphs have the highest active to passive material ratio, making them ideal for large
amplifying chains. Despite this advantage, simple bimorphs’ curved displacement makes
them unsuitable for chained geometries, necessitating modifications. By attaching two
bimorphs end-to-end, the curvature can be counteracted [10,11]. These designs benefit
from high geometric amplification ratios and compact chained element spacing. This paper
presents and discusses an iteration on this type of actuator that is well-suited to modern
planar manufacturing techniques.

2. Materials and Methods

As mentioned above, bimorph-based designs can easily improve on the basic geometry
by joining two end-to-end. As can be seen in Figure 1, this modification creates a structure
that, when actuated, forms a slight S shape, and more importantly, keeps both endpoints
parallel throughout the range of travel. This parallelism facilitates the attachment of both
loads or other s-drives to the structure. Typically, in a bimorph, the electrodes are separated
along the width axis of Figure 1. This electrode arrangement is problematic, chaining
multiple devices together, as it requires a complex routing of wires to connect subsequent
elements. Thus, in this geometry, the electrodes are separated along the thickness axis
instead of the width axis of the structure (Figure 1).

Notably, this geometry can use piezoelectric materials with both positive and neg-
ative piezoelectric coefficients simply by switching the elastic and piezoelectric layers.
This flexibility allows for a manufacturing process to select any material and still make
both contracting and expanding actuators. Additionally, the single poling direction for all
piezoelectric regions allows for the poling to be done by the electrodes themselves, further
simplifying the manufacturing process.

Figure 1. Geometry of a single actuated s-drive. F = load force, W = width, δ = deflection,
T = thickness, and L = length. Electrodes omitted in XY view for clarity.
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2.1. Analytical Model

Before s-drives can be used as micro- or macro-actuators, their constituent equations
must be found. As with most electrical actuators, the primary terms of interest are blocking
force and free deflection as a function of the input voltage.

2.1.1. Free Deflection

For deflection, an s-drive can be modeled as simply double that of one of its two corre-
sponding heterogeneous bimorphs. Smits et al. [12] has (1). Modifying this relationship for
an s-drive yields (2), which also compensates for the abnormal axis on which the electric
field is applied in this geometry.

δ =
3Vd31sp

11sm
11wm(wm + wp)L2

K
(1)

δs-drive =
3Vd31sp

11sm
11(w

2
mwp + w2

pwm)L2

2KT
(2)

where K is:

K = 4sm
11sp

11

(
wm(wp)

3 + wp(wm)
3 +

3(wm)2(wp)2

2

)
+ (sm

11)
2(wp)

4 + (sp
11)

2(wm)
4 (3)

d31 is the piezoelectric coefficient. sp
11 and sm

11 are from the compliance matrices of the piezo-
electric and elastic materials, respectively. wp and wm are the widths of the piezoelectric
and elastic layer, respectively. For bulk elastic materials that have no compliance matrix,
the young’s moduli, Ep and Em for piezoelectric and elastic, respectively, can be used to
calculate compliance through

sm
11 = sp

11
Ep

Em
(4)

2.1.2. Blocking Force

While Smits et al. [12] have equations for the blocking force of a bimorph, those
assume that rotation of the tip is unconstrained. This assumption does not hold true for
an s-drive. Instead, Euler–Bernoulli beam theory can be used to find the stiffness of a
cantilever as

kcantilever =
3EI
L3 (5)

where E is the Young’s modulus and I is the second moment of area for the actuator. A full
s-drive does not take the same shape as a cantilever but each half does, and so the full
s-drive can be approximately modeled as two cantilevers of length L

2 in series, yielding

ks-drive =
3EI

2
(

L
2

)3 =
12EI

L3 (6)

Furthermore, EI in (6) must account for the differing Young’s moduli in the two
materials. This adjustment involves calculating the second moment of area of the two
material halves about the central axis of the beam, yielding

EI =
EmT

(
(wm)3 + 3wm(wp)2)

12
+

EpT
(
(wp)3 + 3wp(wm)2)

12
(7)

With the stiffness and deflection calculated, blocking force is the product of (6) and (2).
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Fblocking = kδ =
18V(EI)d31sp

11sm
11wmwp(wm + wp)

KTL
(8)

2.1.3. Chain Stiffness

In certain MEMS applications, and certainly in macro-applications, chaining multiple
actuators in sequence may be required to achieve the desired deflection. Figure 2 shows
a possible geometry for realizing this chain. Figure 3 shows this geometry both being
chained in series and working in parallel. Notably, due to the abnormal axis of the applied
electric field, this design does not need additional wires between chained elements, as the
electrodes are contiguous, simplifying manufacturing.

Figure 2. Unactuated and actuated composable s-drives.

Figure 3. S-Drives when used in series and parallel.

The free deflection of such a geometry is Nδ, where N is the number of s-drives in
series. Blocking force is not as trivial, as the connecting beams add compliance to the
structure, reducing the total stiffness. Balakrisnan et al. [13] modeled meandering springs,
and the approach found the stiffness of a single unit cell, which is defined in Figure 2.
The bulk stiffness is the combination of all the unit cells, and the unit cell stiffness is the
cantilever stiffness combined with that of the adjoining beam connected to a rigid moment
arm. A more thorough derivation can be found in Balakrisnan et al., but the final form for
this stiffness is in (9). Combining (9) with that of the cantilever (5) is (10) and the entire
geometry is (11):

kadjoining =
2EmT(wbeam)3

3
(

Δ
2 + wp + wm

)
(L + wbeam)2

(9)

kunit =
ks-drivekadjoining

ks-drive + kadjoining
(10)
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ktotal =
kunit

2
(11)

This model from Balakrisnan et al., only works well when Em ≈ Ep and Wbeam ≈ W.

3. Results

3.1. Analytical Model Versus Simulations

COMSOL Multiphysics® was used to verify the model. The geometry in Figure 2
was imported into the software, with a variety of geometries that can be seen in Table 1.
The material properties applied were the built-in specifications for PZT-5H and aluminum
for the piezoelectric and elastic layers, respectively. The length parameter for each geometry
was varied from 50 μm to 400 μm, while the thickness and applied voltage were held
constant at 2 μm and 8 V, respectively. This method generates an electric field of 4 MV m−1

which is approximately the upper limit of strain generation in PZT-5H, about 0.1% [14].
Comparing the results from COMSOL® with the model developed, the error is typi-

cally well below 2%, as can be seen in Figure 4.

Table 1. Dimensions of geometries tested

Geometry A B C

wm 2 μm 2 μm 1 μm
wp 2 μm 2 μm 3 μm
Δ 3 μm 10 μm 2 μm

Figure 4. Percent error for: (a) stiffness and (b) deflection.

3.2. Performance Versus a Modern Actuator

As a point of comparison with other works, an S-Drive was designed with the same
piezoelectric mass (6.6 mg) as that of York et al. [6]. The materials used in simulator were
also set to be those reported in York et al., (PZT-5H and Alumina) and the same electric field
of 1.5 V/μm was applied. As can be seen in Table 2, the design presented in York et al., is
stiffer but with lower mass efficiency and less compactness along the axis of actuation. This
difference results in the S-Drive being better suited for regimes where actuation authority
and mass are more important than total output force.

Further included in Table 2 are the performance data for our group’s prior work [15].
This new geometry shows marked improvements in every category, including more than
double the blocking force.
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Table 2. Performance factors comparison for equivalent active elements.

This Work Our Prior Work York et al.

Free Displacement (μm) 88.9 89.4 89.6
Blocking Force (mN) 130 60 211

Mass (mg) 8.3 8.5 16.8
Thickness (μm) 270 270 270

Width (mm) 11.3 12.6 ≥8
Length (mm) 0.8 0.83 ≥2

Effective Strain (%) 11.1 10.7 4.1

4. Discussion

Advances in manufacturing have made this design substantially more feasible to
produce compared to its introduction in Ervin et al. [10]. This design’s need for fine-grained
mixing of both piezoelectric and non-piezoelectric material rules out a large number of
processes, both old and new.

One potentially viable manufacturing approach is to micromachine layers of the
different materials in the correct geometry, and then assemble the different layers, as in
York et al. [6]. For this use case, this approach has the substantial drawback of requiring
adhesive between layers to provide sufficient coupling between the elastic and piezoelectric
layers. The adhesive would act as a parasitic element and the microassembly would hamper
the automation of production.

Alternatively, the use of a single material would avoid the substantial drawbacks of
both adhesive and assembly. By patterning the electrodes only over the active regions of
the geometry, the actuator can be realized from a single bulk piece of piezoelectric material.
Using a single material would drastically simplify both the model and the manufacturing.
The performance of the actuator would suffer slightly from stray fields bleeding into the
inactive region, but that could be compensated for by reducing the width of the electrodes.
This approach is the most promising for mass production due to its simplicity.

In circumstances where micromachining is not accessible, 3D printing may be used
in its place. This actuator’s performance depends greatly on the elastic modulus of its
constituent materials. Commonly accessible polymers are highly compliant. To rectify
this, carbon fiber can be added to the polymers to drastically improve stiffness, with 13%
carbon fiber yielding a 400% increase in elastic modulus in Love et al. [16]. Additionally,
the polymers can be made conductive, as in Leigh et al. [17], and piezoelectric, as in
Cholleti [18], allowing for all steps of the manufacturing process to be completed on a single
multi-material capable printer. Optimizing the materials for maximum possible stiffness is
key to producing actuators of any merit. Once optimized, these high stiffness materials
would allow for home manufacturing of actuators with only minimal equipment costs.

5. Conclusions

This paper has presented a piezoelectric actuator geometry capable of large deflec-
tion along with a mathematical model for its performance. While well-suited to micro-
applications, its compactness, weight savings, and composability permit it to scale into
macro-applications as well. With the use of modern manufacturing, this design is well-
suited to mass production, while further optimization of material and technique would
allow for manufacture with more affordable equipment.
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Abstract: Foodborne pathogens are a major concern for public health. We demonstrate for the first
time a partially automated sensing system for rapid (~17 min), label-free impedimetric detection
of Escherichia coli spp. in food samples (vegetable broth) and hydroponic media (aeroponic lettuce
system) based on temperature-responsive poly(N-isopropylacrylamide) (PNIPAAm) nanobrushes.
This proof of concept (PoC) for the Sense-Analyze-Respond-Actuate (SARA) paradigm uses a
biomimetic nanostructure that is analyzed and actuated with a smartphone. The bio-inspired soft
material and sensing mechanism is inspired by binary symbiotic systems found in nature, where low
concentrations of bacteria are captured from complex matrices by brush actuation driven by concentra-
tion gradients at the tissue surface. To mimic this natural actuation system, carbon-metal nanohybrid
sensors were fabricated as the transducer layer, and coated with PNIPAAm nanobrushes. The most
effective coating and actuation protocol for E. coli detection at various temperatures above/below
the critical solution temperature of PNIPAAm was determined using a series of electrochemical
experiments. After analyzing nanobrush actuation in stagnant media, we developed a flow through
system using a series of pumps that are triggered by electrochemical events at the surface of the
biosensor. SARA PoC may be viewed as a cyber-physical system that actuates nanomaterials using
smartphone-based electroanalytical testing of samples. This study demonstrates thermal actuation
of polymer nanobrushes to detect (sense) bacteria using a cyber-physical systems (CPS) approach.
This PoC may catalyze the development of smart sensors capable of actuation at the nanoscale
(stimulus-response polymer) and macroscale (non-microfluidic pumping).

Keywords: Escherichia coli; lectin; thermo-responsive polymer; food safety; biosensor; artificial
reasoning tools (ART); sensor-analytics point solutions (SNAPS); Sense-Analyze-Respond-Actuate
(SARA); percepts-environment-actuators-sensors (PEAS); cyber-physical systems (CPS)
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1. Introduction

Foodborne pathogens in the global food supply chain increase the risk of mortality and
morbidity. Reducing the resulting economic and public health burden calls for new tech-
nologies to prevent disease outbreaks; see critical reviews [1–4]. According to the National
Outbreak Reporting System (NORS), an annual average of 15,332 illnesses, 879 hospital-
izations, and 22 deaths caused by foodborne diseases were reported from 2008 to 2017 [5].
Additionally, the U.S. Centers of Disease Control and Prevention (CDC) [6] estimates that
around 48 million people get sick, 128,000 are hospitalized, and 3000 deaths occur in the
U.S. each year from foodborne diseases. Such discrepancy emphasizes the limitations of
data collection correlated with misinformation, misreport, and lack of accessible diagnostic
tools. Among the food products commonly associated with outbreaks, fresh produce is
one of the leading causes of foodborne illnesses [7], with 377 outbreaks reported by the
CDC from 2004 to 2012 [8]. The bacteria commonly associated with foodborne outbreaks
include Salmonella spp., Listeria monocytogenes, and pathogenic Escherichia coli.

The presence of E. coli in water, food, and food contact surfaces is used as evidence
for fecal contamination. Among the hundreds of E. coli strains, pathogens are commonly
classified as either verotoxigenic E. coli (VTEC) or Shiga-toxin-producing E. coli (STEC) [9].
Toxins produced by VTEC and STEC are known to cause damage to the intestinal lining,
disrupts the homeostasis of the gastrointestinal tract microbiota, and are responsible for
symptoms such as hemorrhagic colitis, renal failure, and hemolytic anemia. The most
common pathogenic strain is E. coli O157:H7, which has an infectious dose of 10-100
cells [10,11]. The U.S. Food and Drug Administration (FDA) identified six serogroups of
pathogenic E. coli commonly referred to as the “big six”: E. coli O26, O45, O103, O111, O121,
and O145. Each of these serogroups differs in terms of the O-antigen surface structure,
which is a critical lipopolysaccharide found on the outer membrane of Gram-negative
bacteria [12].

Recent multistate outbreaks of E. coli O157:H7 infections linked to romaine lettuce
demonstrate the need for improved monitoring methods and management strategies [13].
The Food Safety Modernization Act (FSMA) addressed this issue with a series of directives
released between 2015 and 2020. In general, the directives were intended to change the U.S.
food systems focus from a reactive or responsive safety paradigm to a preventative safety
paradigm [14–17]. The role of sensors/detectors within the modern food supply chain has
been reviewed by several groups [18–21].

For irrigation water, the E. coli concentration (both pathogenic strains and non-
pathogenic strains) must not exceed 126 CFU/100 mL (geometric mean) without triggering
a responsive action [22]. Several recent reviews have addressed the technological chal-
lenges of implementing these federal guidelines for the specific case of alternative water
sources (e.g., treated wastewater, brackish water) [23,24]. For postharvest, in general, there
is a requirement of no detectable generic E. coli in 100 mL of water used on food contact
surfaces or in direct contact with produce [22]. The implementation of a “hold and test”
policy in 2012 by the U.S. Department of Agriculture (USDA) significantly reduced the
risk of consumer exposure to unsafe products via food recalls [25]. However, food recalls
are onerous for food companies, cause significant economic loss [26], and exacerbate food
waste [27]. Keener et al. [28] promoted food safety paradigms that blend regulation and
legislation, a notion that is only possible if data-informed decision support tools are actively
used [19,29].

The current standard methods used by the food industry include culture and colony
counting, polymerase chain reaction (PCR), and enzyme-linked immunosorbent assay
(ELISA) to detect foodborne pathogens [2,3]. These diagnostic tools require several hours
to days to provide a result, which exacerbates problems associated with the current test
and hold policies. As food safety regulations become stricter, there is a pressing need
for improved tools to ensure food safety without asphyxiating the economic needs of the
food industry. Rapid (<1 h) and accurate detection methods for foodborne pathogens
that provide high-throughput screening capability and inform decision support systems
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are pivotal across the food supply chain, from production to processing and distribution
(i.e., from “farm to fork”) [30–32]. To meet this need, a plethora of different biosensors have
been developed. Tools using the CRISPR system [33] are expected in the future.

Pathogen Biosensors in Food Systems

Biosensors to detect bacteria in the food supply chain are ideal if designed to serve
as rapid, portable devices that can be used for screening food products, either target-
ing unique extracellular structures or proteins, peptides, glycans, and genetic material.
The most common approaches for biosensors targeting extracellular structures use either
fluorescent, colorimetric, or electrochemical sensing modalities. Comprehensive reviews on
the topic summarize recent developments in culture-independent techniques [3], commer-
cially available sensor systems [1], and emerging materials for biosensor development [2].
Electrochemical biosensors are generally unaffected by optically dense fluids, and the
transduced signal is directly correlated with analyte concentration without an additional
signal conversion technology such as a photodiode. These features are important when
considering the analysis of food samples where simple hardware systems and detection pro-
tocols are necessary [19,34–37]. To improve the performance of biosensors in complex food
matrices, biorecognition agents (e.g., antibodies, aptamers, lectins, peptides) are commonly
immobilized on transducer nanomaterials such as nanometals (palladium, platinum, gold,
nickel, copper) and nanocarbon (graphene, carbon nanotubes, carbon nanodots) [38–42].
Among these hybrid nanomaterials, metallic-nanocarbon composites have demonstrated
improved electron transport and stability, consequently enhancing sensitivity, response
time, and limit of detection [43–48].

Hills et al. [49] recently developed a pathogen biosensor using stimulus-response poly-
mer nanobrushes conjugated to a platinum-nanocarbon electrode. The technique was used
to measure Listeria using a DNA aptamer conjugated to the terminal group on a chitosan
nanobrush. The work showed that by controlling nanobrush actuation at the microscale,
bacteria can be captured with the brush in the extended state, and subsequent collapse of
the nanobrush improves signal transduction (actuation was controlled via solution pH).
The ability to induce structural changes on the biosensor surface facilitates dynamic control
over the Debye layer and therefore signal transduction. The major advantage relative
to the use of passive sensor materials is an increase in the probability of target–receptor
interactions due to micron scale structural changes. To date, this approach has not been
demonstrated in samples larger than 20 mL, which is critically important for application
in food production systems. The use of chitosan nanobrush sensors may not be viable for
large sample volumes due to the need for large volumes of acid/base to modulate pH.

Poly(N-isopropylacrylamide) (PNIPAAm) is a stimulus-response polymer that ex-
pands at temperatures below the lower critical solution temperature (LCST) and collapses
at temperatures above the LCST, which is around 32–35 ◦C [50]. This behavior, which is
observed above and below the LCST, is fully reversible in aqueous solution due to the
changes in the hydrogen-bonding interfaces of the amide group [51]. PNIPAAm is also a
beneficial polymer for biosensing as different terminal groups can be added (e.g., carboxyl
or amine), facilitating the conjugation of a receptor [52]. Previous works with PNIPAAm
stimulus-response behavior focused on fundamental studies of bioreceptor loading [41] or
electronic behavior [53].

This study demonstrates for the first time the development of partially automated
system for rapid (~17 min), label-free impedimetric biosensor for real-time detection of
E. coli spp. in food samples (i.e., vegetable broth) and hydroponic media (aeroponic
lettuce system) based on stimulus-response of PNIPAAm nanobrushes. Additionally,
the semi-automated system demonstrated herein allows for continuous detection of E. coli
and potentially other foodborne pathogens in aqueous media reducing sample handling
problems, and consequently helping mitigating disease outbreaks. Two well-known biore-
ceptors, namely antibodies and lectins, were tested as bioreceptors. The biomaterial was
tested on two different metal-nanocarbon hybrid electrodes. Furthermore, we show that
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actuation of PNIPAAm nanobrushes leads to enhanced bacteria capture and controllable
electrochemical transduction based on an external stimulus (i.e., temperature) in labora-
tory studies. Finally, we demonstrate a proof of concept Sense-Analyze-Respond-Actuate
(SARA) system based on actuation and analysis using a remote device (smartphone)
(see supplemental materials Figure S1).

2. Materials and Methods

2.1. Materials and Bacteria Cultures

Lead acetate, chloroplatinic acid, 2-aminoethanethiol hydrochloride (AESH), ascorbic
acid, potassium phosphate monobasic, Concanavalin A (ConA) from Canavalia ensiformis
(Jack bean), sodium chloride, sodium phosphate dibasic, 11-mercaptoundecanoic acid
(11-MUA), Anti-GroEL antibody (Ab) produced in rabbit, and potassium chloride were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Calcium chloride, sodium per-
sulfate (Na2S2O8), sodium nitrate (NaNO3), 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide HCl (EDC), and manganese chloride were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). Sulfuric acid (H2SO4) was purchased from Fisher Scientific (Potas-
sium ferrocyanide trihydrate was purchased from Ward’s Science (Rochester, NY, USA).
N-Hydroxysuccinimide (NHS), potassium nitrate, 2-(morpholino) ethanesulfonic acid
(MES) buffer, glutaraldehyde, and platinum wire (99.95% Pt, 0.5 mm dia.) were obtained
from Alfa Aesar (Ward Hill, MA, USA). Single-layered graphene oxide (GO) was purchased
from ACS Material (Medford, MA, USA). N-Isopropylacrylamide (NIPAAm) was obtained
from Tokyo Chemical Industry Co. (Portland, OR, USA). Buffered peptone water (BPW)
and tryptic soy broth (TSB) were acquired from Becton, Dickson and Company (Sparks,
MD, USA). Petrifilm-Aerobic Count Plates were purchased from 3M (St. Paul, MN, USA).
Platinum/iridium (Pt/Ir) electrodes, reference electrodes (Ag/AgCl) and Pt auxiliary elec-
trodes were purchased from BASi, Inc. (West Lafayette, IN, USA). Gold interdigitated
electrodes (3 mm × 5 mm; 100 μm gap spacing) were purchased from DropSens (Asturias,
Spain). Screen printed carbon electrodes (SPC, 5 mm diameter) were purchased from
Zensor (model SE100, Zensor USA, Katy, TX, USA).

Sensitivity and selectivity were tested using Escherichia coli (ATCC 35218, Manassas,
VA, USA) in phosphate buffer saline (PBS, pH 7.4). For selectivity testing, Salmonella enterica
serovar Enteritidis (ATCC BAA-1045, Manassas, VA, USA) was used in PBS. Escherichia coli
O157:H7 (ATCC 43895, Manassas, VA, USA) was used for testing in vegetable broth and
hydroponic systems. All bacteria initially stored at −80 ◦C were replicated by identical
duplicate transfers and incubated under aerobic conditions for 24 h at 35 ◦C. The bacterial
cultures were maintained on TSA (tryptic soy agar) slants at 4 ◦C. Transfers from slants
were conducted to prepare microorganisms for analysis. Bacteria samples were serially
diluted in BPW and enumerated on Petrifilm™ aerobic count plates (3M, Saint Paul, MN,
USA) after 48 h at 35 ◦C; results are reported as CFU/mL.

2.2. Image Analysis

Electrode morphology was imaged using field emission scanning electron microscopy
(SEM) with a FEI Quanta 600 FEG (Hillsboro, OR, USA). All electrodes were first coated
with a 10 nm thick layer of platinum using a Cressington sputter coater 208 HR (Watford,
United Kingdom). Electrodes were retrieved from the sputter coater and allowed to
ventilate for 30 min prior to imaging. Images were obtained at magnifications of 5000×
and 10,000× and 5 kV. Field SEM images were used to determine average particle size
based on post-measurement analysis with ImageJ.

Scanning white light interferometry (SWLI) was used to determine the average rough-
ness profile of each material using an Alicona Infinite Focus Microscope (G4 Optical 3D
Surface Profiler). A 20× objective with a focus-variation system and a lateral resolution of
0.88 μm was used for all scans (Bartlett, IL). SWLI was used to determine profile average
roughness as well as contour topology.
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2.3. Nanomaterial Deposition and Electrode Biofunctionalization

Prior to use, all Pt/Ir electrodes were polished and cleaned according to previously re-
ported methods [41]. Pt/Ir electrodes were modified through the application of a graphene-
platinum nanocomposite layer following procedures adapted from Vanegas et al. [42] and
Hills et al. [49]. Briefly, a first layer of nanoplatinum (nPt) was formed on the surface
of each electrode via sonoelectrodeposition at 10 V for 90 s in a solution of 1.44% (w/v)
chloroplatinic acid and 0.002% (w/v) lead acetate. Next, a reduced graphene oxide (rGO)
layer (2 mg/mL in DI) was drop coated onto the surface of the nPt-modified electrode
and dried for 30 s at 40 ◦C with an 1875 W heat gun (Revlon, New York, NY). The semi-
dried electrode was then spun in the spin coater for 30 s at 1700 rpm and then for 60 s at
3500 rpm. Lastly, a second layer of nPt was electrodeposited onto the surface to complete
the “sandwich” structure using the same methods as above. The SPC electrodes used for
the SARA proof of concept in hydroponic system were also initially cleaned using cyclic
voltammetry (see Supplementary Materials).

PNIPAAm nanobrushes were deposited on both electrodes (Pt/Ir and SPC) based
on Zhao et al. [54]; in our study a potentiostat from CH Instruments (Model 600 E Series)
was used throughout. Briefly, 1 M NIPAAm, 0.2 M NaNO3, 0.01 M Na2S2O8, and 4.85 mM
AESH were suspended in 20 mL RO water to prepare the NIPAAm solution. The AESH
serves as a chain transfer agent to have the amine end group required for subsequent
attachment of bioreceptors, namely lectin (ConA) or antibody (Ab) [52]. Polymerization
of PNIPAAm-NH2 onto the electrode was achieved at room temperature using cyclic
voltammetry (CV) with the following settings: potential range from −0.35 V to −1.35 V
and a scan rate of 100 mV/s for 60 cycles [54].

To conjugate ConA or anti-GroEL antibody to PNIPAAm nanobrushes, nPt-rGO-
PNIPAAm-modified electrodes were incubated with an aqueous solution containing glu-
taraldehyde in a 2:1 molar ratio to AESH and allowed to react under agitation for 2 h at
room temperature (resulting in amine-amine bonds). Electrodes were then exposed to
ConA or anti-GroEL antibody suspensions at either 50 nM, 100 nM, or 200 nM. Ca2+ and
Mn2+ ions were added to the PBS solution to promote carbohydrate binding and achieve
optimum ConA activity [55,56]. After all conjugation steps, the unbound recognition agents
were washed off with 100 μL of 1× PBS thrice. For the attachment of ConA and anti-GroEL
antibodies to nPt-rGO-modified electrodes, the surface was initially carboxylated with a
self-assembled monolayer (SAM) using 11-MUA, followed by amine-carboxyl conjugation
chemistry (see Supplementary Materials). All modified electrodes were stored in PBS
(pH 7.4) at 4 ◦C until further analysis. The conjugation of ConA to the SPC-PNIPAAm
nanobrushes electrodes was performed similarly. After 2 h incubation with the glutaralde-
hyde/AESH solution, ConA suspension, in the presence of Ca2+ and Mn2+, was applied
to the SPC electrodes for 2 h under agitation. Then, functionalized SPC electrodes were
freeze-dried (see Supplementary Materials) and stored at −20 ◦C until use for testing in
the hydroponic system.

2.4. Electrochemical Analysis

Laboratory electrochemical characterization was performed using a three electrodes
cell stand according to previous work [42,49,57]. Cyclic voltammetry (CV) was carried out
in 4 mM Fe(CN)6

3−/Fe(CN)6
4− (1:1) redox probe with 1 mM KNO3 solution at a switching

potential of 650 mV versus a Ag/AgCl reference electrode with 30 s quiet time at scan rates
of 50, 100, 150, and 200 mV/s. The electroactive surface area (ESA) was determined using
the Randles-Sevcik equation by plotting the current (I) versus the square root of scan rate
(v1/2), as described previously [40,42,58].

Electrochemical impedance spectroscopy (EIS) tests were conducted in a solution of
4 mM Fe(CN)6

3−/Fe(CN)6
4− in 1 M KCl with an AC amplitude of 0.1 V. An initial DC

potential of 0.25 V was applied with a frequency range of 1–100,000 Hz [41,49,59]. Complex
plane diagrams (Nyquist plots) were used to determine the charge transfer resistance (Rct)
based on equivalent circuit analysis (Randles-Sevcik circuit).
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PNIPAAm nanobrush actuation was evaluated through CV and EIS. These tests
were carried out at temperatures above and below PNIPAAm’s LCST, namely 40 ◦C and
20 ◦C, respectively. A water bath was used to control the temperature throughout the
measurements. The PNIPAAm nanobrushes’ response to change in stimuli was used to
determine the most efficient conditions for bacteria capture and sensing was based on the
protocol for brush actuation by Hills et al. [49], which was based on analyzing ESA and Rct
results for each nanobrush-receptor material.

2.5. Biosensor Performance Testing

EIS was used to determine the limit of detection (LOD), range, sensitivity, and selec-
tivity of each biosensor when exposed to bacteria at concentrations varying from 10–108

CFU/mL. Bode plots were used to determine the impedance at a fixed cutoff frequency,
which is 1 Hz. Where noted, the change in impedance (ΔZ = Zbacteria − Zno bacteria) was
determined from the Bode plots. Sensitivity to the target bacterium was determined by the
slope of the linear portion of the calibration curve consisting of the change in impedance (Ω)
vs. the concentration of cells (log CFU/mL) [49,60]. Sensitivity testing with the optimized
ConA and antibody sensors was performed in PBS, sterile vegetable broth (purchased from
a local market), and hydroponic media. Selectivity to E. coli O157:H7 was measured by
determining sensitivity, LOD, and range in the presence of Gram-negative bacteria in PBS
(E. coli 35218, E. coli 43895, and Salmonella Typhimurium) [60]. The LOD was calculated
using the 3σ method, and the range was calculated as the linear portion of the calibration
curve (R2 > 0.98).

2.6. SARA Paradigm Proof of Concept in Hydroponic System

SPC biosensors with a handheld potentiostat [37] were used to construct a proof of con-
cept SARA system for hydroponic lettuce. Hydroponic sensing experiments were performed
using a similar setup as described by Sidhu et al. [61]. A RainForest modular 318 aeroponic sys-
tem with Vortex sprayer was used to grow lettuce based on Marhaenanto et al. [62]. The main
reservoir of the hydroponic system was 50 L and the conical vortex sprayer was operated at
1200 rpm. Hydroponic lettuce (Lactuca saliva) was cultivated using 7.6-cm-diameter plastic
seed cups with CocoTek liners and expanded clay pellets (Mr. Stacky Hydroponic Center,
Lake City, FL, USA). Full spectrum LED grow lights (75 W equivalent) were used (photoperiod
of 8 h). Nutrient solution (Liquid Plant Food Big Bloom, Fox Farm Organic Gardening, Arcata,
CA, USA) was replaced every 7 days based on manufacturer’s recommendations. Growth
media was sterilized according to our previous methods [63].

A particle trap was spliced into a 3
4 ” OD Tygon tube and attached to a submersible

pump for biosensor measurements. The particle trap had a stainless-steel mesh (#50;
300 μm mesh) within the inner chamber, and the biosensor was fixed within this mesh
strain for direct contact with the water prior to filtration in the particle trap. The trap was
customized for biosensor analysis by drilling two small holes on the top of the plastic
housing and threading male-male Dupont Wire (Arduino) through the hole. The holes in
the plastic body were sealed with rubber sealant (FlexSeal, Weston, FL, USA) and the inner
pins were soldered to the sensor bonding pads. Lastly, the lead wires were insulated with
nail polish and dried overnight, and then the trap was fixed to the housing and sealed via
the threaded fitting.

A schematic diagram of the hydroponic system with the SARA sampling loop is shown
in supplemental Figure S3. The hydroponic system contained a sampling loop with the
trap, and a micropump was used to manually extract samples from the main 50-L reservoir
at a rate of 10 mL/min. The sampling loop for SARA included a micropump connected to
a stock sample of E. coli (105 CFU/mL) at 20 ± 5 ◦C. The SARA loop also included a PBS
buffer reservoir on a hot plate maintained at 40 ± 1 ◦C and a micropump connected to a
waste tank. The operating temperature in the hydroponic system was 20 ± 3 ◦C, which is
within the range causing the PNIPAAm nanobrush to extend. The 40 ◦C PBS buffer was
used to actuate nanobrush collapse for measurement.
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Upon initiation of the SARA workflow (see supplemental Figure S4), the recirculation
pump between the hydroponic tank and the particle trap was turned off. For testing system
performance, 10 mL of E. coli (ATCC 35218) suspension was injected into a T-junction placed
upstream of the particle trap/biosensor apparatus using a microcontroller-operated pump.
The concentration of E. coli is noted for each addition; stock concentration was 105 CFU/mL.
An impedance test was conducted at 20 ± 3 ◦C, and then the program triggered a second
pump to rinse the sample with testing buffer at 40 ◦C (causing the nanobrush to collapse).
A second impedance test was triggered by the program, and the data for pre/post actua-
tion is recorded and analyzed. All impedance analysis used a custom handheld potentio-
stat [19,37]. The code is available by request and was based on two existing codes: ShotBot
(https://www.instructables.com/id/ShotBot-Arduino-Powered-Pump-Project/) and Air-
Piano (https://drive.google.com/file/d/1-E0i1CWxxHpTxtieTizCmZC6Bq6q8Tlc/view).

2.7. Decision Support Application

An artificial reasoning tool (ART) informs the user of the water quality safety according
to regulatory standards based on the SARA concept. The decision tree for development of
the Thunkable application is shown in supplemental Figure S5. The app design includes
screens that contain various functions written in Block code (Scratch). The Thunkable app
is publicly available in the searchable open access database (SARA: FC Hydro), or can be
provided upon request.

2.8. Statistical Analysis

For all analyses, determinations were made at least in triplicate as independent
experiments based on a completely randomized design with equal replications and results
were expressed as mean ± standard deviation. Statistical analysis was performed using
SPSS PASW Statistics, version 23. Results from the different electrode treatments were
tested for significance by analysis of variance (ANOVA) and Tukey’s test to separate means
at 95% confidence interval (p < 0.05).

3. Results

3.1. Electrochemical Characterization

Cyclic voltammograms in 4 mM Fe(CN)6
3−/Fe(CN)6

4− + 1 M KNO3 (pH = 7.1, T = 25 ◦C)
displayed quasi-reversible redox peaks for all nanomaterials tested, with peak potential sepa-
rations in the 70 to 80 mV range. Figure 1a shows representative CV curves for bare Pt/Ir
electrodes, Pt/Ir electrode after coating with the metal/carbon nanohybrid (nPt-rGO), and the
nanohybrid electrode after deposition of nanobrushes (PNIPAAm). Figure 1b was used to
calculate the ESA for each electrode. As shown in Figure 1c, the average ESA for nanohybrid
electrodes coated with PNIPAAm (0.03 ± 0.004 cm2) was equivalent to nanohybrid electrodes
(0.028 ± 0.002 cm2), and significantly higher than bare Pt/Ir electrodes (0.018 ± 0.0001 cm2;
p < 0.05), similar to the findings reported by Burrs et al. [41].

3.2. Nanobrush Morphology

Electron microscopy and white light interferometry images for the nanocomposite
before and after brush deposition are shown in Figure 2. Based on SEM image analysis
(Figure 2a), the average particle size for nPt-rGO nanohybrid electrodes was 310 ± 25 nm.
SWLI scans over a range of 1 mm × 1 mm show that a homogenous coating was present on
the electrode, with heterogeneous nodes that ranged in height from 100 nm to 1 μm. The av-
erage profile roughness (Ra) was 166 nm; abrasions on the electrode surface were removed
when calculating feature roughness, as these artifacts are a result of repeated polishing
with nanodiamond solution during sensor reuse. SEM of the material after nanobrush
deposition (Figure 2c) shows terminal nodes of PNIPAAm nanobrushes ranging from 220
to 1300 nm (average node diameter was 910 ± 305 nm). Hills et al. [49] reported the aver-
age size of chitosan nanobrush borders contained both terminal nodes (200–300 nm) and
longitudinal shafts (100 nm in width and 800 nm in length). However, the shaft structures
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were not visible in PNIPAAm nanobrushes studied here (Figure 2c, see supplementary
Figure S6 for details). This was likely due to the abundance of homogenous terminal
nodes on the electrode surface, with shafts forming beneath the nodes (shaft structures are
visible in supplementary Figure S6). Electropolymerization of NIPAAM monomers leads to
homogeneous nanobrush and formation of uniform shaft and node sizes distribution on the
electrode surface. This structure is more of a “brush border” than the chitosan structures
by Hills et al. [49], which had a highly heterogenous brush/chain size distribution that
likely results from the top-down extraction process (i.e., deacetylation reaction). SWLI
(Figure 2d) confirms that PNIPAAm brushes form a homogenous electrode coating at the
scale of 800 μm × 800 μm, with an average Ra (201.4 ± 57.2 nm) that was lower than the
nPt-rGO hybrid (Ra = 310.2 ± 24.5 nm) material (t-test show the reduction in Ra is signifi-
cant; p < 0.05). This reduction in Ra confirms that the PNIPAAm brush structure produces
a homogenous electrode coating and provides an excellent platform for conjugation of
bioreceptor(s), and many previous papers have shown functionalization of PNIPAAm with
a variety of materials [41,50–53]. While we did not test the effect of polymer thickness on
performance, the 500–1000 nm thick structures here could be extended to other applications.
For example, Zhao et al. [54] developed PNIPAAm-nanocarbon electrodes with thicknesses
greater than 5 μm that exhibited high conductivity and electrocatalytic activity but no
actuation tests were demonstrated.

Figure 1. Electrochemical characterization of bare Pt/Ir, nanohybrid (nPt-rGO), and nanohybrid+nanobrush (PNIPAAm)
electrodes using 4 mM K4FeCN6 as the redox probe. (a) Representative CV curves at 100 mV/s scan rate. (b) Relationship
between I (μA) versus the square root of the scan rate (V/s)1/2 for electrode modifications are linear in the range tested.
(c) Average ESA for various electrode modifications. All data represent the average of three replicates and error bars
represent the standard deviation of the arithmetic mean; letters denote significantly different means (p < 0.05).
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Figure 2. Morphological characterization by scanning electron microscopy (SEM) and scanning white light interferometry
(SWLI). (a) SEM image for nanohybrid (nPt-rGO) electrode showing homogenous coating with an average feature size
of 220 to 1300 nm. (b) Average roughness (Ra) for nPt-rGO calculated from SWLI contour profiles (310.2 nm) indicates a
heterogenous surface and irregular abrasions. (c) SEM images show a relatively homogenous coating for nanobrush-coated
nPt-rGO electrodes (PNIPAAm) with terminal nodes 910 ± 305 nm in diameter. (d) PNIPAAm-coated electrodes had a
more homogenous and smooth coating, with an average Ra of 201.4 nm.

In the next section, we test nanobrush actuation in the presence/absence of E. coli and
establish optimum conditions for cell capture/impedance testing.

3.3. Nanobrush Actuation and E. coli Capture

The ability to actuate the surface of the sensor with an externally modulated signal
(such as local thermodynamic change) is an extremely important property for developing
smart sensors that are capable of demonstrating sense-analyze-response-actuate (SARA)
behavior. First, ConA and antiGroEL loading onto PNIPAAm nanObrushes was optimized
based on ESA calculated from voltammograms in 4 mM K4FeCN6 (pH = 7.0, T = 25 ◦C,
see supplementary Figure S7). Protein concentrations between 50–200 nM were tested,
and in both experiments the signal saturated for protein concentration of 100 nM (3.2 μM-
protein/cm2), indicating saturation of surface binding sites. Thus, 100 nM was used for all
studies in E. coli capture.

After conjugation of bioreceptor, the nanobrush detection system was tested using the
actuation protocol developed by Hills et al. [49] with some alterations. The original work by
Hills et al. [49] targeted Listeria spp. using aptamers and antibodies conjugated to chitosan
nanobrushes, while in this work E. coli is targeted using lectins or antibodies conjugated to
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PNIPAAm nanobrushes. In addition to the different bioreceptors used in these studies, the
mechanism of actuation for chitosan (a pH-sensitive polymer) is fundamentally different
than PNIPAAm (a temperature-sensitive polymer). Thus, E. coli capture efficacy was tested
above and below the LCST, which is the temperature at which the polymer undergoes a
structural change from collapsed (T > LCST) to swollen (T < LCST); the LCST for PNIPAAm
is 32–35 ◦C [50]. The optimum capture strategy was established by analyzing ESA and Rct
results for each nanobrush-receptor material.

Figure 3a shows representative CV curves and Figure 3b shows the average charge
transfer resistance (Rct) and ESA for nanobrush electrodes at 20 ◦C and 40 ◦C using ConA
as a receptor (in absence of E. coli). The highest redox peaks (Figure 3a) and lowest Rct
(Figure 3b) were measured when nanobrushes were collapsed (T = 40 ◦C > LCST). In the
collapsed state, the diffusion layer and the Debye layer are reduced, facilitating higher
mass transfer of the electroactive species (Fe(CN)6

3−/Fe(CN)6
4−) in this study). This result

is similar to the study by Hills et al. [49], where the collapsed state of chitosan led to higher
ESA. This clearly shows that PNIPAAm nanobrush actuation is reversible, and changing
the polymer from expanded to collapsed is a reliable mechanism for smart sensing.

Figure 3. (a) Representative CV curves at 100 mV/s. For all tests PNIPAAm brushes were functionalized with ConA (100 nM)
and tested at different brush configurations based on temperature response; (b) Average charge transfer resistance (Rct) and
ESA for different states of PNIPAAm brushes configurations based on temperature response; uppercase and lowercase
letters denote significantly different (p < 0.05) Rct and ESA means, respectively, for each temperature; (c) average impedance
at different cutoff frequencies for different temperatures of PNIPAAm actuation; letters denote significantly different
means (p < 0.05) among the frequencies for each temperature; (d) Representative CV (100 mV/s) showing change in peak
current for different states of PNIPAAm actuation during E. coli capture (104 CFU/mL) and measurement. Electrochemical
measurements were performed in Fe(CN)6

3−/Fe(CN)6
4− redox probe for (a–c), and in PBS for (d). Bars represent the

average of three replicates.
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The maximum impedance values were observed at a cutoff frequency of 1 Hz; analysis
considered frequencies from 1 to 50 Hz, which falls within the alpha dispersion domain [64].
No significant difference (p > 0.05) was observed between the different temperatures of
actuation (Figure 3c). The data in Figure 3c indicate some degree of hysteresis after repeated
actuation of bioreceptor-PNIPAAm nanobrushes. After repetitive actuation, peak current
changed by 4.0 ± 1.5%, while Rct varied by 13 ± 4%. Repetitive actuation of bioreceptor-
nanobrush structures has not been reported previously, and warrants further study to
determine the best mechanism for actuation.

Two distinguished capture strategies were evaluated using PBS with E. coli K12 at
a concentration of 1.3 × 104 CFU/mL (Figure 3d). First, E. coli capture was tested with
the nanobrush in the extended state at 20 ◦C, and impedance measurement was initiated
while the brush was in the collapsed state at 40 ◦C (the opposite condition was also tested).
The capture efficiency and signal-to-noise ratio were higher when E. coli capture occurred
in the extended state (20 ◦C), followed by brush collapse and subsequent measurement
at 40 ◦C. This finding is consistent with the results reported by Hills et al. [49] and is
likely due to higher probability of receptor–E. coli interactions when the nanobrush is in
an extended state, compared to the collapsed condition where receptor binding site(s)
may be inaccessible. Compared to nanobrush actuation without cells (Figure 3a–c), the
inverse trend is observed with cell capture followed by sensing (see supplementary Figure
S1). During sensing, the nanobrush is collapsed, and the change in signal is likely due to
physical crowding of the surface and limited diffusion of redox probes/electrolyte to the
surface (a form of Debye shielding).

The concept of material actuation for bacteria capture has also been achieved with
magnetically actuated cilia [65–67]. Cilia actuation is used to promote active mixing of
bacteria within the unstirred layer, and is not directly involved in the capture mechanism.
In the next section, we challenge the biosensor in mixtures of bacteria and establish key
performance indicators (KPI) related to sensor engineering.

3.4. Nanobrush Sensing in Buffer

Figure 4 shows PNIPAAm-ConA nanohybrid electrodes calibrated for E. coli K12 and
in the presence of Salmonella. All tests used the actuation protocol previously established
(see Figure 3), with capture in the extended state at 20 ◦C and sensing in the collapsed state
at 40 ◦C. Bode plots are shown over a frequency range of 1 Hz to 100 kHz at varying bacteria
concentrations (102–107 CFU/mL); insets are a zoomed in view of the lower frequency
range (1–5 Hz). Based on a frequency analysis using the procedure by Hills et al. [49] and
presented in Figure 3c, all calibration curves were developed using data from Bode plots
for a cutoff frequency of 1 Hz. The total test time was 17 min, which included 15 min for
bacteria capture and 2 min for the EIS measurement.

Figure 4a and supplemental Figure S8a show Bode and Nyquist plots, respectively,
for ConA-coated nanobrush sensors targeting E. coli K12 in PBS buffer. The average
sensitivity toward E. coli K12 was 2068.2 ± 346.62 Ω/log(CFU/mL). The LOD (3 sigma;
99.5% confidence interval) for E. coli K12 was 5.0 ± 2.9 CFU/mL, and the linear range was
3.0 × 102 to 3.0 × 105 CFU/mL. The selectivity of the ConA-nanobrush sensor was tested
against Salmonella Enteritidis (102 CFU/mL to 107 CFU/mL) in PBS. Salmonella Enteritidis
was the bacteria chosen for specificity testing due to its similarity to E. coli with both being
Gram-negative and both being a known foodborne pathogen. For a cutoff frequency of
1 Hz, the ConA-nanobrush showed a linear impedance increase for both E. coli K12 and
Salmonella Enteritidis (Figure 4b and supplementary materials Figure S8b, respectively).
The average sensitivity toward the mixture of E. coli K12 with Salmonella Enteritidis was
3800.9 ± 911.2 Ω/log(CFU/mL). The LOD for the mixture was 2.3 ± 0.8 CFU/mL with a
linear range from 3.0 × 102 to 3.0 × 105 CFU/mL.
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Figure 4. Representative Bode plots for PNIPAAm brush sensors decorated with ConA over the frequency range of
1–100,000 Hz exposed to (a) E. coli K12 (CFU/mL); and (b) equal concentrations of E. coli K12 and Salmonella Enteritidis
(CFU/mL) in PBS, respectively. Insets show exploded view over the frequency range from 1–5 Hz. (c) Calibration curves
(impedance change at 1 Hz vs. log bacteria concentration) for PNIPAAm-ConA sensors exposed to E. coli K12, and E. coli
K12 and Salmonella Enteritidis over their respective linear ranges. All data represents the average of three repetitions. Error
bars represent the standard deviation.

Figure 4c presents the linear portion of the calibration curves for ConA biosensors after
exposure to E. coli or mixtures of E. coli with Salmonella. ConA biosensors response was
similar when exposed to E. coli K12 or to mixtures of E. coli K12 with Salmonella Enteritidis.
No significant difference was observed in sensitivity nor LOD for sensors exposed to E. coli
K12 or mixtures of E. coli K12 with Salmonella Enteritidis. E. coli and Salmonella are both
Gram-negative enterobacteria, but differ in sugar combining sites on the cell surface and
LPS (lipopolyssacharides) structures, each affected by growth state [68–70]. E. coli K12 LPS
is terminated by O-antigen, which contains glucose that has a high affinity for ConA [71].
The specific binding site for ConA on E. coli is thought to be GM1 ganglioside [72], while
the specific binding site on Salmonella varies since Salmonella express a range of LPS with
dynamic numbers of terminal O antigen [73].

The presence of Salmonella Enteritidis in the testing solution did not show significant
interference (p > 0.05) on the slope of the calibration curve (Figure 4c), indicating no cross-
reaction between the PNIPAAm-ConA sensor and the Salmonella Enteritidis. E. coli and
Salmonella both have lipopolysaccharides on their cell membranes that are terminated
with carbohydrates that may bind ConA. The established theory is that the carbohydrate-
recognition domain of ConA forms an association with the terminal sugar of microbial
LPS structures through an interaction with both the 3- and 4-OH groups of the sugar.
As reviewed by Vanegas et al. [2], the molecular interaction is more complex than a simple
protein–ligand interaction. The terminal sugar does not always determine ConA binding,
and the lectin is somewhat promiscuous and can recognize branch sugars deeper within
the LPS. This is an important feature when considering the actuation of ConA-nanobrushes
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for improving capture of Gram-negative bacteria, as the three-dimensional structure may
be crucial to binding, also reaffirmed by the Spike protein of SARS-CoV-2 [74–76].

In the next section, we challenge the biosensor against the pathogen E. coli O157:H7 in
food samples for both lectin-terminated nanobrushes and antibody-terminated brushes.

3.5. Nanobrush Sensing in Food Samples

ConA-nanobrush and Ab-nanobrush (Anti-GroEL) biosensors were tested with E. coli
O157:H7 at concentrations ranging from 102 to 108 CFU/mL in sterile vegetable broth using
the actuation protocol described above. Figure 5a,b present Bode plots over a frequency
range of 1 Hz to 100 kHz for ConA-nanobrush and Ab-nanobrush biosensors, respectively
(see supplementary Figure S9 for Nyquist plots).

Figure 5. Representative Bode plots over the frequency range of 1–100,000 Hz for PNIPAAm brush sensor decorated with
(a) ConA; and (b) Anti-GroEL antibody exposed to various concentrations of E. coli O157:H7 (CFU/mL) in vegetable broth.
Insets show the exploded view over the frequency range of 1–5 Hz. (c) Calibration curves at 1 Hz for PNIPAAm brush
sensor decorated with ConA and Anti-GroEL antibody exposed to E. coli O157:H7 in vegetable broth over their respective
linear ranges. All data represents the average of three repetitions. Error bars represent standard deviation.

Figure 5c shows the calibration curves for each receptor in vegetable broth based on
net impedance. Range and lower LOD obtained from the linear portions of the calibra-
tion curves for PNIPAAm-ConA and PNIPAAm-antibody sensors are shown in Table 1.
The sensitivity (slope of the calibration curves in Figure 5c) of both nPt-rGO-PNIPAAm-
ConA (1915.0 ± 1070.1 Ω/log(CFU/mL)) and nPt-rGO-PNIPAAm-Anti-GroEL antibody
(2004 ± 253.6 Ω/log(CFU/mL)) sensors exposed to E. coli O157:H7 is similar (p > 0.05),
indicating the potential of both in the detection of E. coli O157:H7 in a complex system. The
LOD for the PNIPAAm-antibody (249.3 ± 51.3 CFU/mL) was significantly lower (p < 0.05)
than the PNIPAAm-ConA (1560 ± 202.3 CFU/mL); however, the coefficient of variation
(CV) for PNIPAAm-ConA (0.13) was lower than the PNIPAAm-antibody (0.21), indicating
less variability in the results obtained for the former sensor. However, both sensitivity
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values were on the same order of magnitude and the linear ranges were similar, which
supports the hypothesis that both are capable of E. coli O157:H7 detection.

Table 1 contains a compilation of current biosensors for the detection of E. coli in
various food samples, or buffers. The detection time for our actuating nanobrush sensor
was shorter than all times found in the literature, except for the sensor used by Radke
and Alocilja [77], who reported a 10 min detection time. The LOD of the nanobrush sen-
sors for E. coli K12 in PBS (5.0 ± 2.9 CFU/mL) was lower than all biosensors shown in
the table. Although the LODs of the nanobrush sensors for E. coli O157:H7 were signifi-
cantly higher (1560 ± 202.3 CFU/mL for ConA and 249.3 ± 51.3 CFU/mL for antibody),
these LODs are within the same order of magnitude of previous studies. Additionally, their
sensitivity in vegetable broth (1915.0 ± 1070.1 Ω/log(CFU/mL)) was comparable to the
test in PBS for E. coli K12 (2068.2 ± 346.62 Ω/log(CFU/mL)). The complex composition
of vegetable broth can promote non-specific interactions and influence the electrochemi-
cal response Hills et al. [49]. Complex media, including whole milk, lettuce wash water,
and ground beef, are usually used to measure the performance of sensors in real food
samples [18,35,41,78]. In this study, vegetable broth was chosen, as it is composed of food
ingredients with the potential for contamination by foodborne pathogens, namely E. coli
O157:H7. The performance of the PNIPAAm nanobrush biosensors indicates that the
devices have potential to be used in similar complex solutions, such as fresh produce
wash water and other aqueous media. A significant advantage of the biosensors in this
work is the lack of bacteria purification or concentration steps—see, for example, Chowd-
hury et al. [79]—that require label addition and incubation. This is a critically important
feature for SARA biosensors, as real time analysis using remote system actuation is a
defining feature of the tool. In the next section, we show how this nanobrush biosensor can
be used to create a SARA system for rapid analysis of lettuce irrigation water.

3.6. SARA: Sense-Analyze-Respond-Actuate

Figure 6 shows the system used for a proof of concept SARA demonstration, highlight-
ing actuation at the macroscale (pump state switching via microcontrollers), and actuation
at the nanoscale (polymer swelling/contraction for bacteria capture). Detailed schematics
may be found in the Supplementary Section.

Figure 6. Simplified schematic of SARA system, highlighting actuation at the macroscale (microcontrollers used to
activate/deactivate pumps) and the nanoscale (polymer swelling/collapse during bacteria capture).
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Figure 7 shows the average data from repetitive tests of the SARA system (raw
impedance data are available upon request). Figure 7a shows the average data for all
tests, with colored bar charts indicating equivalent bacteria concentration. The three
successive values represent impedance data obtained at 20 ◦C (extended nanobrush), 40 ◦C
(collapsed nanobrush), and return to 20 ◦C (extended brush + bacteria). In the absence
of bacteria, the Rct decreased when nanobrushes were in the collapsed state, while in the
presence of bacteria, this trend was reversed. These system-scale measurements with a
handheld potentiostat confirm the bench scale measurement in Figure 3. For all bacteria
concentrations, the percent change in Rct during actuation (18.4 ± 6.3%) was significantly
higher than the tests without bacteria (13 ± 4%). Interestingly, the percent change in
Rct decreased with increasing E. coli concentration, which was counter-intuitive when
comparing data to baseline measurements, see supplementary Figure S11. Figure 7b shows
the average sensor calibration using an extend–capture, collapse–measure scheme.

Figure 7. Replicate impedance data for actuation of E. coli biosensors in hydroponic lettuce system. (a) Average charge
transfer resistance for all tests, with colored bar charts indicating equivalent bacteria concentration. The three successive
values represent impedance data obtained at 20 ◦C (extended nanobrush), 40 ◦C (collapsed nanobrush), and return to
20 ◦C (extended brush + bacteria). (b) Average sensor calibration using using an extend–capture, collapse–measure scheme.
For simulating contamination, 10 mL of an E. coli (ATCC 35218) stock suspension was injected into a T-junction placed
upstream of the particle trap/biosensor apparatus. All data represents the average of three repetitions. Error bars represent
standard deviation. Different letters denote significantly different means (p < 0.05).

The average sensitivity toward E. coli was 366 ± 81 Ω/log(CFU/mL), which is lower
than the laboratory assay by nearly two-fold. However, SARA is an in situ system and does
not require sample extraction and transport to an analytical laboratory. Furthermore, the
acquisition system is based on an open source smartphone tool [37] and enables access to
users who do not have specialty equipment. The LOD (3 sigma; 99.5% confidence interval)
for E. coli was 57.6 ± 13.4 CFU/mL, and the linear range was 50 to 200 CFU/mL. In the
next section, we show development and use of a smartphone application for providing on
site decision support, closing the analysis loop for SARA.

3.7. Decision Support Application

A decision support app was developed for iOS using Thunkable (block coding). The
aim was to provide meaningful information from the real-time analysis of sensor data
that meets statistical thresholds, and subsequently uses guidance from PSR to determine
whether the sample meets regulatory compliance. Figure 8 shows select screenshots from
the app, which is a tool within the SNAPS (sensor analytic point solutions) portfolio, which
uses ART (artificial reasoning tools) [19]. After two-factor authentication and authorization
via DUO [84], the welcome screen contains an option for enabling GPS (location accuracy),
which is an important step if location-specific decision support is desired. The first-
generation application uses the federal guidance for water quality from the PSR, but the
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application can be expanded to produce locally relevant guidance, if required. The REST
architecture [85] facilitates expansion for linking to other regulatory databases through open
RESTful APIs (in synchronous or asynchronous mode). When available, batch calibration
may be enabled using QR codes embedded with calibration data (the app also contains an
option for manual calibration). Error due to batch calibration can be as high as 5% due to
batch-to-batch variation. Screen number 5 provides the option to connect to a sensor reader
via Bluetooth (or WiFi, WiMax), or enter data manually (may be error prone). A decision
support option screen can provide location-specific decision support (if GPS is enabled
and databases are available), or generic decision support. The final screen provides basic
information regarding the functionality of the decision support and disclaimers as relevant.
The protocol for development of the app can be found in the supplemental section. Use of
Block Coding, originally developed as Scratch coding [75], and the open-source platform
Thunkable ensure that others may replicate the tool.

Figure 8. Select screenshots of SNAPS FC Hydro decision support app. (A) Welcome screen with option for location
accuracy. (B) QR code scanner option for batch calibration input; (C) Location accuracy for decision support; (D) Example
of result indicating sample requires further processing and may be contaminated with E. coli (>100 CFU E. coli/100 mL).

3.8. Decision Support Application—Cybersecurity

Any discussion of actuation or automation, even if it is partial, must recognize the
possibility of cyberthreats. Cybersecurity, by design, is required for implementing the SARA
paradigm. SNAPS LM Hydro decision support system (DSS) depends on connectivity
using open tools such as IFTTT [86] (if this, then, that) or may integrate with time sensitive
networking [87], which creates opportunities for cyber-disruption. Digital by design
embraces the concept of IoT [88], and elements of cybersecurity [89] are essential to its core
design rather than an “after-thought” in the execution layer. The design of cybersecurity is
beyond the scope of this paper. We touch upon a few common cyberthreat scenarios and
suggest commercial tools to mitigate risks. Cybercrimes may involve: (i) time alteration,
(ii) GPS spoofing, (iii) intruders, and iv) embedded systems.

(i) Time alteration: Elementary cyberthreat which may precipitate discord simply by
altering the time when an action is performed (actuated).

Time jamming targets the network time protocol (NTP) by amplifying [90] requests
to a NTP server (distributed denial of service [91] or DDoS attack) which makes time
“unavailable” to the command execution layer. Internet Engineering Task Force’s (IETF)
manufacturer usage description (MUD) architecture is “supposed” to enable (IoT [92])
devices to send and receive only the traffic they require to perform as intended (network
will prohibit other communication with the devices).
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Time spoofing works by providing the wrong time, for example, changing the time in
reverse such that an event can be accomplished in that interval or execute an event using an
expired (timestamp) authorization key or code which can be reused if the system accepts
it as “valid” because the “spoofed” time is still within the valid time window. Problems
with time are compounded in software-driven commands to execute physical processes
(cyberphysical systems, programmable logic controllers) not only due to engineering
constraints [93] (bandwidth, latency, jitter) but because the semantics of time and the
physical notion of “timeliness” is still not a part of software architecture [94]. Perhaps this
dysfunctional gap in time is due to intrinsic human inability to grasp the epistemology of
temporal semantics. To deploy SARA, we have to address cyberthreats in the context of
the SNAPS LM Hydro DSS because delayed actuation could change system performance.
Vendors provide a variety of tools which may be integrated with SNAPS DSS cloud as a
risk mitigation strategy (in consultation with customers/users).

(ii) GPS spoofing: Incorrect location (GPS spoofing [95]) of sensor data could desta-
bilize food safety and security. For example, SARA-induced auto-actuation may release
contaminated wastewater to flood an already moist (water saturated) field growing pro-
duce or redirect a false alarm about pathogens (causing humans in the loop to discard food
or produce). With increasing adoption of SARA/SNAPS, the risks [96] for open-source
CPS [97] projects due to Global Navigation Satellite System (GNSS) spoofing may result in
fake position, navigation, and time (PNT) information. The latter may cause economic loss
and social unrest.

The relative ease [98] of GPS spoofing with software-defined radio (SDR) is due
to the fact that GPS transmits an open signal without any encryption, which can be
recorded, manipulated and transmitted. GPS location spoofing often converges with
time spoofing (PNT [99]) because the GPS network of satellites broadcast time-stamped
messages continually. The hacker may alter how long (time) it takes for the signals from
each satellite to reach the receiver (multiplying this time by the speed of light gives the
distance between the receiver and each satellite). Interference detection and mitigation
(IDM) tools may be integrated with SARA/SNAPS to protect [100] against overt and
covert [101] GPS spoofing, according to project requirements.

(iii) Intruders: Security of applications against intruders and intruder detection [102] is
an immense and dynamic problem in several domains including IoT scenarios. In the con-
text of SARA/SNAPS, it is important to strike an operational balance between the infinite
breadth of this problem versus a feasible inclusion of a verification system which can au-
thenticate and authorize users accessing various parts of the SNAPS network/application.
We propose using multi-factor authentication [103] (MFA) as a tool to verify the identity of
users using a code, token or certificate usually linked via a mobile app to doubly authen-
ticate the user during the sign-in process. In addition, MFA may also use a re-validation
step using a remotely stored certificate [104] in a home institution [105] or on a trusted
third-party server, or use biometrics, such as a fingerprint or retina scan.

(iv) Embedded systems: Emergence of the networked physical world made it clear that
any form of identification [106] (objects, processes, humans) must address security [107]
implications. Extending the IoT metaphor to SARA/SNAPS implies that the nature of
messaging between components (sensors, devices, gateways) is vulnerable to intrusion. En-
hancing security [108] within the SARA/SNAPS ecosystem may avoid commercial excesses
but explore whether tools like MAM [109] or masked (encrypted) authenticated (device
verification) messaging (data) may be feasible for deployment. Thus, in combination, MFA
and MAM provide authentication, at least partially, for users, data and devices, in our
attempt to address a basic layer of cybersecurity.

4. Conclusions

Current standard methods of foodborne pathogen detection including culture and
colony counting, ELISA, and PCR require training and are time consuming. As foodborne
pathogens are a persistent concern in the food industry, there is a demand for a rapid,
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reliable, and cost-effective detection method. The biosensors developed here using 100 nM
of Concanavalin A (ConA) lectin or antibody in a PNIPAAm nanobrush sensing platform
achieved a rapid detection (17 min total) of Escherichia coli in a buffer solution (PBS), as well
as in a real-world scenario simulated by a complex vegetable broth. The use of thermo-
responsive polymer brush interfaces in combination with hybrid nPt-rGO nanostructures
were shown to enhance the capture of target E. coli bacteria and transduction of electrochem-
ical outputs as the acquisition signal. The optimum conditions were to capture bacteria
at 20 ◦C when PNIPAAm nanobrushes were expanded, and initiate the test sequence
at 40 ◦C when the brushes were collapsed. Expanded brushes permitted biorecognition
agents to more easily attach to bacteria, while the collapsed state assisted in electrochemical
response. The nPt-rGO-PNIPAAm-ConA sensor presented significantly low LOD (LOD
of 5.0 ± 2.9 CFU/mL), high sensitivity (2068.2 ± 346.6 Ω/log(CFU/mL) and selectivity
(LOD of 2.3 ± 0.8 CFU/mL) to E. coli on the performance tests with E. coli K12 alone and
also with E. coli K12 and Salmonella Enteritidis in the PBS, respectively. Selectivity to E. coli
in the presence of Salmonella was important in evaluating the success of the sensor and
comparison to preexisting sensors. On the tests in vegetable broth inoculated with E. coli
O157:H7 to mimic a real-world, complex sample in the presence of a foodborne pathogen,
the PNIPAAm-ConA sensor showed sensitivity (1915.0 ± 1070.1 Ω/log(CFU/mL)) similar
(p > 0.05) to the PNIPAAm-antibody sensor (2004 ± 253.6 Ω/log(CFU/mL)). Hence, the
application of the nPt-rGO-PNIPAAm as a platform for both ConA and antibodies pro-
vided superior performance results when detecting E. coli in pristine media such as PBS,
as well as in a complex system such as vegetable broth compared to the literature. The
advantages of ConA over antibodies in terms of production, cost, and shelf-life combined
with comparable results to other biosensors make nPt-rGO-PNIPAAm-ConA a potential
alternative to current detection methods for testing food samples.

Extending this biosensor application and potential adoption, SARA represents a rapid,
label-free bacteria detection system for use in agricultural waters where nanomaterial
actuation is triggered by a smartphone. Actuation of the nanobrush takes place without
requiring the user to perform any additional tasks. The decision support tool (ART) is
embedded in the smartphone used for signal acquisition. Our use of polymer nanobrushes
in biosensing significantly advances the field by developing a new cyber-physical tool
which is amenable to direct control over the brush border structure, rather than relying on
specialty equipment within a laboratory. SARA extends the spatial resolution in processing
facilities to contain the spread of contamination. Such detection methods raise even more
interest when the economic losses due to recalls of contaminated food or the extra time to
release the product are considered.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-0
825/10/1/2/s1: Figure S1. Time course of SARA testing system. Sample pumps provide mixing,
sampling, and temperature control. Figure S2. Cyclic voltammetry of the SPC functionalized
electrodes before and after freeze-drying process. Figure S3. Simplified process flow diagram
showing semi-closed loop batch aeroponic system and SARA biosensor loop. Figure S4. SARA
workflow for programming the microcontroller. Figure S5. Decision tree for design of decision
support application. Figure S6. SEM images of nPt-rGO electrodes with PNIPAAM nanobrushes.
(a) top view and (b,c) cross-sectional view at 10 kV and 25,000, 10,000, and 29,000 times magnification,
respectively. Figure S7. Comparison of ESA in cm2 and representative CV curves at 100 mV/s for
nPt-rGO coated electrodes at different (a,b) antibody concentrations; and (c,d) ConA concentrations.
Figure S8. Representative Nyquist plots for PNIPAAm brush sensors decorated with ConA over the
frequency range of 1–100,000 Hz exposed to (a) E. coli K12 (CFU/mL), and (b) equal concentrations
of E. coli K12 and Salmonella Enteritidis (CFU/mL) in PBS. Figure S9. Representative Nyquist plots
over the frequency range of 1–100,00 Hz for PNIPAAm brush sensors decorated with (a) ConA;
and (b) Anti-GroEL antibody exposed to various concentrations of E. coli O157:H7 (CFU/mL) in
vegetable broth. Figure S10. Representative Bode plots over the frequency range of 1–100,000 Hz for
(a) nPt-rGO-ConA and (b) nPt-rGO-Anti-GroEL antibody modified electrodes exposed to various
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concentrations of E. coli K12 (CFU/mL) in PBS. Figure S11. Percent change in Rct during SARA
system testing. The percent change decreased significantly with increasing E. coli concentration.
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Abstract: Untethered small-scale soft robots have been widely researched because they can
be employed to perform wireless procedures via natural orifices in the human body, or other
minimally invasive operations. Nevertheless, achieving untethered robotic motion remains
challenging owing to the lack of an effective wireless actuation mechanism. To overcome this
limitation, we propose a magnetically actuated walking soft robot based on paper and a chained
magnetic-microparticle-embedded polymer actuator. The magnetic polymer actuator was prepared
by combining Fe3O4 magnetic particles (MPs, diameter of ~50 nm) and silicon that are affected by
a magnetic field; thereafter, the magnetic properties were quantified to achieve proper force and
optimized according to the mass ratio, viscosity, and rotational speed of a spin coater. The fabricated
polymer was utilized as a soft robot actuator that can be controlled using an external magnetic
field, and paper was employed to construct the robot body with legs to achieve walking motion.
To confirm the feasibility of the designed robot, the operating capability of the robot was analyzed
through finite element simulation, and a walking experiment was conducted using electromagnetic
actuation. The soft robot could be moved by varying the magnetic flux density and on–off state,
and it demonstrated a maximum moving speed of 0.77 mm/s. Further studies on the proposed soft
walking robot may advance the development of small-scale robots with diagnostic and therapeutic
functionalities for application in biomedical fields.

Keywords: soft robot; paper robot; magnetic polymer; electromagnetic actuation

1. Introduction

Small-scale soft robots that do not require an internal power source and energy transmission parts
to exhibit movements can be applied in a limited space, such as in the case of biomedical research [1,2].
In addition, unlike conventional large-scale robots that employ bulky actuators and motors [3,4],
these robots require small-sized actuators; this serves as motivation for the development of soft
robots using various composite polymers and materials. Inspired by the movements of animals and
insects in nature, several researchers have developed robots by simulating their motion mechanisms;
moreover, they have also studied multi-functional robots with limited and specific structures in
varied environments. Recent achievements include milli- and micro-scale robots such as swimming
robots [5], crawling robots [6,7], and insect-mimicking robots [8,9]. Particularly, actuators that can be
controlled using magnetic field [10–12], light [13,14], and heat [15,16] were used to achieve the motion
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of robots. Furthermore, there are examples of robots whose skeletal structure comprises paper [17–19],
shape memory alloys [7,20], or polymers [1].

Paper-based robotics research has been introduced for various applications in soft robotics [21,22].
Because paper is inexpensive and easily accessible, it has the benefit of quick and easy fabrication while
prototyping. Moreover, paper demonstrates its elastic and plastic deformation properties when folded
or unfolded, which is useful to build up joints and links in a robot body. By attaching an actuator and a
sensor including an electric circuit, robotic motion can be accomplished. For example, a paper-based
actuator that performs a bending or unfolding motion has been developed [23,24], and it has been
applied to achieve a gripping motion [25]. Self-folding could be realized by attaching an additional
actuator to the paper structure [18]. Furthermore, a wall-climbing robot that employs the elastic energy
of paper to achieve a self-folding motion was developed [26]. There are also soft robots that perform
deformations or other motions using paper origami structures [17,27,28].

As demonstrated in previous studies, robots based on paper structures mainly exhibit structural
folding and bending motions. This requires the attachment of an actuator to the paper, and an electrical
signal is generally applied as a stimulation factor via a microcontroller. Such a wired robot has a
disadvantage that it can be substantially affected by environmental factors. Particularly, in small-scale
soft robots, which are developed for performing technical operations in isolated spaces such as organs,
this would lead to critical defects. Notably, robots with a complex structure, such as the origami
structure, include a plurality of actuators for operation; therefore, the advantages of inexpensive and
reproducible paper materials cannot be maximized.

In this paper, we present a walking soft robot using paper and magnetic polymer actuators that
respond to an external magnetic field. The skeleton of the proposed robot was made of paper which
can work as folded joints in the robot body. In addition, a polymer based on a mixture of magnetic
particles (MPs) and silicon was applied to the actuator part to impart a kinematic change. The walking
mechanism of the proposed robot could be controlled through an electromagnetic actuation (EMA)
system [29–31]. The magneto-responsive movement of the magnetic polymer actuator was transferred
to the paper skeleton; consequently, the robotic walking motion was varied by changing the on–off
states of the input magnetic field. Finally, the walking motion was realized based on the frictional
force with the floor and the elastic force generated at the joint. We optimized the robot structure
through kinematical and material characterization of the robot; thus, an analysis of robot motion
and speed spectrum with magnetic flux density variation was performed, and structural parameters
were obtained. The proposed method has a high reproducibility owing to the cost-effectiveness and
simplicity of manufacturing a paper structure; moreover, it has the advantage of active motion control
inside an isolated space via the EMA remote control system. In addition, the magnetic polymer actuator
does not use an electronic plate that includes coils or a permanent magnet; therefore, it can be applied
flexibly in varied environments without being adversely affected by problems such as corrosion.

The remainder of this paper is organized as follows: We have elucidated the design of the paper
robot, along with its kinematics and the fabrication of the magnetic polymer actuator, in Section 2.
In Section 3, the characteristics and evaluation of the magnetic polymer actuator and the paper material
are presented. The robotic motion simulation and experimental results are presented in Section 4.
Finally, concluding remarks, along with a discussion of avenues for future work based on the proposed
method are presented in Section 5.

2. Materials and Methods

2.1. Design of a Walking Soft Robot

Designing a soft robot based on magnetic polymer actuators is a key issue for establishing an
operating mechanism. In this section, we explain the structure of the proposed soft robot and its
magnetic field-based walking mechanism. The structure of the proposed robot fundamentally consists
of eight axes, as presented in Figure 1a; each joint is connected by eight rigid links. Here, magnetic
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polymer actuators were attached to links 1, 3, and 7. Further, polymers composed of aligned MPs
(Section 2.2) were attached to each link so that a torque could be applied to achieve robot motion.

Figure 1. (a) Kinematic representation of the proposed walking soft robot; coordinate definition and
geometric discretization of the robot. Blue axis means x-coordinates, other axes mean y-, z-coordinates.
Black planes are where the magnetic polymers are attached, and red arrows are the normal force of
the robot. (b) Schematic diagram of the of torque generation mechanism using magnetic polymer and
magnetic field alignment. (τ : Torque, μ: Magnetic moment of MPs, B: Magnetic field).

The operating mechanism of the magnetic polymer consists of two motions according to the
on-and-off state of the magnetic field, and the operating state of link 7 is described in Figure 1b.
Initially, when the magnetic field is not present, only the normal force (FN) due to gravity is maintained.
Under the influence of the magnetic field (B), the polymer rotates and bends around axis 8 by the
magnetic moment (μ) caused by the aligned particles and the torque (τm) generated through the
interaction of the external magnetic field. After that, the bending polymer generates a recovery
torque (τr) according to the elasticity of the paper constituting the structure, which moves the link to
the initial position when the magnetic field is turned off, and at the same time causes a driving force for
the walking motion. Thus, a motion mechanism based on the magnetic field, gradient, friction force,
and elastic force arising from the material of the robot was established, and the kinematic movement
and operation mechanism of each link were analyzed.

Forward kinematics were derived for analyzing the robotic motion based on the orientation
and position information of the robot link as a function of each joint angle. To derive the kinematics
of the proposed walking robot, we used a Denavit–Hartenberg (D–H) matrix that consisted of
four parameters: ai−1, αi−1, di, and θi, which correspond to the link length, link twist, link offset,
and joint angle, respectively. Figure 1 depicts the geometric structure of the soft robot and coordinate
frame assignment.

The D–H convention matrix is shown in Equation (1).

Ti−1
i =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

cosθi −cosαi−1sinθi sinαi−1sinθi ai−1cosθi
sinθi cosαi−1cosθi −sinαi−1cosθi ai−1sinθi

0 sinαi−1 cosαi−1 di
0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(1)

The proposed robot mechanism is actuated by varying the joint angle for the given length of the link.
Therefore, the values of constants αi−1 and di in matrix Ti−1

i correspond to zero, whereas the parameters
ai−1 for a link length and θi for a revolute joint are constant and variable, respectively. The D–H parameters
are listed in Table 1. These values were set within the variable range, assuming that force is applied to links
1, 3, and 7 as in Figure 1a; further, they were used to determine the movability of the walking mechanism.
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Table 1. Denavit–Hartenberg (D–H) parameters of a walking soft robot.

Link # Link Length (li) Initial Joint Angle (θi) Joint Angle (θj)

1 4 0◦ 0◦
2 5.5 90◦ 90◦ < θ2 < 110◦
3 5 75◦ 75◦ < θ3 < 80◦
4 5 −80◦ −110◦ < θ4 < −80◦
5 11 −95◦ −105◦ < θ5 < −95◦
6 4.5 −100◦ −100◦ < θ6 < −75◦
7 11.5 80◦ 85◦ < θ7 < 100◦
8 3 75◦ 75◦

Using (1) and the D–H parameters, the Ti−1
i matrices of each joint could be derived. Moreover, we can

obtain the individual transformation matrices T0
1 . . . T7

8 and the global transformation matrices T0
Ln

via (2).

TR
Ln

= TR
L1

TL1
L2

TL2
L3
· · · TLn−1

Ln
(2)

Furthermore, by using the T0
Ln

matrices, the position of links that comprise the robot could be
determined. We examined the walking motion according to the change in the link position using the
derived kinematic model. Consequently, the simulated motions are depicted in Figure 2, with respect
to the joint angle varying. Position 1 represents the applied initial condition, and motions 2 and 3
represent the cases of applying the medium and maximum deflection states, respectively. This shows
that, if a torque that is sufficient to cause a change in the parameters listed in Table 1 can be applied to
each link, a contraction motion could be realized for the elastic propulsion of a paper robot. Moreover,
in position 3, in the absence of magnetic field, the contracted soft robot moves forward owing to the
torque generated by the elastic force of the paper and friction.

Figure 2. Forward kinematics simulation representing the link position with joint angle variation.

The initial design confirmed through forward kinematics is to examine the operability of the robot.
As mentioned above, the designed robot realizes motion by the interaction of forces transmitted to the
link, and structurally, the length of the link acts as the most fatal factor to the motion. Intuitively, links 1
to 3 are parts for promoting the working motion, 6 to 8 are parts to support the motion that will occur
during movement, and link 5 is a part that organically connects these two roles. In detail, the length of the
3rd link (position 3 in Figure 2) should be long enough to induce torque by tilting the second link forward,
so that when the magnetic field is removed, links 1 and 2 are pushed forward. The length of link 7 should
be designed to provide the torque and friction force that will cause the robot to take the squat motion.
If links 1, 3, and 7 are too short and do not bend properly in the gravitational direction, a problem may
arise in generating a force interaction for propulsion. Therefore, it was considered that the designed robot
maintains the complementary mechanical form of the link for taking motion, and the process of detailed
calibration of this through simulation and experiment was carried out in Section 4.1.
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2.2. Magnetic Polymer Actuator Materials

The skeleton structure and working components of the soft robot were constructed using paper
and the aforementioned polymer actuator. Here, because the magnetic polymer acts as an actuator
that imparts force to the soft robot, the materials contained in the polymer composite should be
characterized. For magnetic polymer fabrication, Fe3O4 (diameter of ~50 nm) and Ecoflex 00-30 were
purchased from Sigma-Aldrich (St. Louis, USA) and Smooth-On Inc. (Macungie, USA), respectively.
Fe3O4 was selected for its biocompatibility because of it has a relatively low toxicity compared to other
MPs. A polymer obtained by spin coating Ecoflex 00-30 silicon containing a specific ratio of Fe3O4 was
prepared, and inspection was performed via scanning electron microscopy (SEM, SU-8000) to confirm
its morphology and surface condition. Using an EMA system and vibrating sample magnetometer
(VSM, lake shore 7400 series), the reaction and motion test of magnetic polymer actuator was performed.

2.3. Fabrication of Magnetic Polymer Actuator

The magnetic polymer actuator is composed of Fe3O4 as the magnetic particle and Ecoflex
00-30 silicon. As depicted in Figure 3, to obtain the polymer solution, fabrication proceeded in the
following order. Firstly, the silicon subject and the curing agent were slowly stirred in the ratio 1:1 to
prevent air bubbles. In the case of using Ecoflex 00-20, it caused lower tensile strength than Ecoflex
00-30 (200 psi), and there was no difference in mixing viscosity (3000 cps), specific gravity (1.07 g/cc),
and volume (26 in/lb). Thereafter, Fe3O4 was mixed with Ecoflex 00-30 at 20, 30, and 40 wt% to prepare
a solution of the polymer and applied onto a slide glass (Figure 3a). The sample was spin-coated at
600 and 800 rpm to obtain the desired thickness (Figure 3b). For magnetization, a sample was placed
between permanent magnets (neodymium, 50 × 25 × 10 mm), as shown in Figure 3c. Here, the north
pole of one magnet was oriented to face the south pole of the other, and the two magnets were set at a
distance of 70 mm from one another. The sample was exposed to a magnetic field for 1 min to form an
alignment through the magnetization of the internal MPs. At this time, the magnetic field was formed
in the horizontal direction along with the permanent magnet placement, and the direction of MPs’
arrangement coincided with the permanent magnet. Finally, the magnetic polymer fabrication was
complete when the sample separated from the slide glass after curing (Figure 3d).

Figure 3. Schematic of the fabrication outline of a polymer actuator based on chained-magnetic-particle-
embedded elastomer. (a) A composite was applied to the slide glass. (b) Samples were spin coated.
(c) By exposing the silicon mixture to the placed permanent magnet, an array was formed by the
magnetization of MPs inside. (d) After curing, the sample was separated from the slide glass.
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3. Characterization

3.1. Magnetic Polymer Actuator

To evaluate the reactivity of the fabricated magnetic polymer, property tests were conducted
in terms of two parameters: (1) the magnetic content of the polymer actuator; (2) the distance from
a permanent magnet. Taking this into consideration, the test proceeded by attaching the polymer
edge to a fixed stage to react only through bending and compared the displacement of the changing
shadow while moving the position of the permanent magnet (Figure 4a). Polymers prepared for
characterization consisted of 20, 30, and 40 wt%. Here, if the content of the MPs is increased to 50 wt%
or more, the remanence magnetization increases in the fabrication step 3 (Figure 3b), adversely affecting
the magnetic particle chain that should be parallel to the magnetic field, and reducing the magnetic
field reactivity [2]. By changing the mixing ratio of the Fe3O4 solution and the number of spins, the test
was repeated five times with every new polymer sample for statistics [32]. As a result, the composition
ratio of Fe3O4 in the polymer was higher, the deflection according to the magnetic field becomes higher,
as provided in Figure 4c,d, where each graph is polynomial curve-fitting data and contains an error
of up to 0.5 mm at 600 rpm and up to 1 mm at 800 rpm. From the data, it was confirmed that the
deflection at 600 rpm recorded a higher value on average, and that there was a section in which a
40 wt% polymer change rapidly occurred when the permanent magnet was placed within 45 mm at
800 rpm. This is considered to be caused by the decrease in the polymer thickness due to the high
rotational speed during the spin coating step. Additionally, for each variable, the cure time of the
polymer on average required 1.5 days at 20 wt%, 1.5 days at 30 wt%, and 6 days at 40 wt% (Figure 4b).
Based on this, a polymer with a higher reactivity and a shorter cure time with 30 wt% was selected for
the polymer actuator.

 
(a) (b) 

 
(c) (d) 

Figure 4. (a) Illustration of the test for characterizing the fabricated magnetic polymer. (b) Cure time
according to the mass ratio of MPs of silicon. (c,d) Result of the difference in the shadow length with
respect to the magnet position when spin coating speeds of (c) 600 rpm and (d) 800 rpm are applied.
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The surface of each polymer was photographed using SEM to precisely observe the polymer
morphology and the result of the MPs’ alignment with respect to the number of coating revolutions.
Figure 5 is an enlarged view of the polymer surface produced by the proposed fabrication method.
The left figure is the result of using a 30 wt% solution of Fe3O4 and 600 rpm, and the right side is
the result of spin coating at 800 rpm. The two pictures above are images of 30 times the polymer
surface at each spin coating speed, and the pictures below are 300 times enlarged. Through the SEM
images, we judged that there is a uniformity of MPs application through comparison of each spin
coating speed and polymer surface state, and we then examined the chain structure in which the
difference occurs depending on the applied rotation speed. The wrinkled lines were caused by the
shrinkage of the polymer in the curing step, corresponding to Figure 4d. During curing step, both
crosslinking of the polymer and evaporation of the solvent caused a shrinkage in the volume of the
polymer, further causing the fixed MPs to form a wrinkled structure. The equilibrium wrinkles in the
chained samples indicate that the particles in the film are well aligned, and in the unchained samples
randomly wrinkled structures are observed. Considering that the directions of the formed wrinkled
lines and the left arrow are the same, it was confirmed that the MPs are aligned in the direction of the
magnetic field. In addition, the polymer applied with 800 rpm had more wrinkles than that applied
with 600 rpm, which was judged by the influence of more evenly distributed MPs at high number of
revolutions. However, at the ×30 ratio, it is possible to find a randomly wrinkled section to the right of
the section of 600 rpm and 800 rpm. This is the case where MPs are located outside the section where
the magnetic field is formed horizontally by the permanent magnet, and the polymer actuator is used
as a section in which the uniform alignment is formed. So far, the characterization of the magnetic
polymer has been analyzed and appropriate component values have been set.

(a) (b)

Figure 5. SEM images of magnetic polymer: (a) with 600 (left) and 800 (right) rpm spin coating speed
(Magnetic polymer: 30 wt%). Arrows indicate the magnetic field direction by two permanent magnets,
(b) uniform wrinkle and random wrinkle comparison.

3.2. Paper Property

It is necessary to present the numerical properties of the paper to specify the characteristics of the
paper-based robot and confirm its movability in response to an external magnetic field. The paper
density, yield strength and Poisson ratio of the utilized standard office copy paper were 1200 kg/m3,
33.65 Pa, and 0.27, which are calibrated by simulation. Moreover, the Young’s modulus was calculated
by using a uniformly loaded cantilever deflection equation.

E = wL4/8Iδ (3)
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where w, and L are the uniform load and length of the beam, I is an area moment of inertia, and δ is
the maximum deflection. For deriving each parameter, we conducted a simple experiment using four
paper samples of different sizes. Table 2 includes the parameters of paper samples used for measuring
the deflection in each test.

Table 2. Parameters of paper samples.

Paper
Sample

Paper Size
(mm×mm)

Length
(L, mm)

Width
(b, mm)

Thickness
(h, mm)

1 105 × 148.5 102 148.5 0.13
2 105 × 74.25 102 74.25 0.13
3 52.5 × 74.25 49.5 74.25 0.13
4 52. 5 × 37.125 49.5 37.125 0.13

The test for Young’s modulus examination was implemented by the experimental setup depicted
in Figure 6a. After using 3 mm of length for fixing, the deflection for the intrinsic weight of each sample
was measured. This was measured for five times each through the camera, and the averaged results are
presented in Figure 6b along with the calculated value of Young’s modulus. When compared with the
actual paper Young’s modulus value, the calculated value has an error depending on the paper sample
size and measurement scale. Even if the deflection of the sample is small, a relatively low Young’s
modulus may have been calculated by the result derived from the set value, such as the term to the
power of 4 of the length. So, we applied the Young’s modulus as an average of 577 kPa for subsequent
simulations. These characterized values were used to verify the movement of the walking robot.

 

(a) 

 

(b) 

Figure 6. Characterization of Young’s modulus using deflection measurement. (a) Schematic images
of paper deflection test. (b) Deflection measurement value and calculated value of Young’s modulus
according to the paper sample.
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4. Simulation and Experiments

4.1. Robot Motion Simulation

For the verification of whether the paper-based soft robot can execute the motion as depicted in
Figure 2, a numerical simulation was performed through the finite element method. The simulation
parameters were obtained through the physical properties of the paper constituting the soft robot and
the characterization results detailed in Section 3. In which, to minimize the numerical inaccuracy of
the alignment of MPs and the physical properties of the polymer actuator, the force due to polymer
bending was assumed to be the same as the input force to produce robot joint torque in the presence
of a magnetic field. For this, the actual value of the bending force is obtained by the displacement
measurement after attaching the polymer to the spring under the on and off states of the magnetic
fields. The bending force at the time of applying a magnetic field was derived according to the spring
constant. Finally, the force (36.805 N/g) generated per 1 g of unit mass was derived through the weight
of the polymer. As with the assumptions mentioned, we applied this force value acting on a polymer
actuator in a soft robot model and performed a simulation. The appearance before and after the effect
of the magnetic field was analyzed and is presented in Figure 7.

Figure 7. Numerical simulation and actual behavior. (a–d) The appearance of the soft robot when (a,b)
there is no magnetic field and (c,d) there is magnetic field of 0.5 T. (Scale bar: 5 mm).

The proposed mechanism used a method of moving forward through the elastic force generated by
a paper material with switching from the on-state of the magnetic field to the off-state and the frictional
force at the links numbered from one to seven in Figure 7. Based on this, we compared the behavior of
the soft robot through simulations and experiments, considering the case of the presence and absence
of the magnetic field. In cases where there was no magnetic field, the software robot maintained its
initial state as in Figure 7a. Each link maintained a stable state without the influence of external forces
other than gravity. Here, when a magnetic field was formed, a bending force was formed in links one,
three, and seven, and each link crouched and turned into a shape to move forward. Figure 7c shows
the appearance of the soft robot affected by the magnetic field. When a bending force was applied,
joints number one to four contracted up to 25◦ while joint five expanded up to 30◦. The robot pulled
seven and eight links into a squat motion, and the paper links formed a torque-induced appearance.
Thereafter, when the robot switched to the offmode, a clockwise torque occurred, and joint two, three,
and four quickly expanded because of the frictional force between links seven and eight, and the floor;
thus, the appearance of the robot when it took a step could be predicted.

Subsequently, the reliability of the numerical simulation was verified by comparing each joint
change with real robot motions depicted in Figure 7b,d. Prior to comparison, the joints between two
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adjacent links were numbered and defined as joined in Figure 7, and the numbered angles according
to the change in the on–off state of the magnetic field are summarized in Figure 8a. The bars in the
graph represent the simulation values, and the error bars represent the error from the experimental
values. The soft robot in the off-state was affected only by gravity and exhibited almost the same
result as the experimental value; in the on-state, it achieved a coincidence rate of more than 89% on an
average. In addition, the simulation results of the soft robots scaled to 1.5 and 2 times also exhibited an
average of 95.4% and 86% coincidence when affected by a magnetic field (Figure 8b). Based on this,
we predicted the driving mechanism of the model and performed a size standardization and walking
experiment of the walking soft robot.

 

(a) (b) 

Figure 8. Comparison of angles between joint points of the walking soft robot. (a) Joint angle
compression result at ×1.0 scale (b) Simulation coincidence rate with respect to the sample size.

4.2. Experimental Setup

The EMA system was used for the driving experiment of the walking soft robot. This system
consists of a pair of Maxwell coils, a Helmholtz coil, and four rectangular coils, [32,33]. The fabricated
soft robot was located in the region of interest for controlling motion. For the behavior of the soft robot,
a uniform magnetic field was applied horizontally, and torque (τ) was generated by the elasticity of the

paper, τ = VM×B, where B =
[
Bx By Bz

]T
, V, and M =

[
mx my mz

]T
are the magnetic flux, the volume

of the object, and magnetization vector of magnetic device [2]. In addition, it was necessary to form a
higher intensity uniform magnetic field in order to achieve the desired operation and speed of various
sized robots. For this reason, a VSM (vibrating sample magnetometer, lake shore 7400 series) device
was used for generating a larger magnetic field, and the driving efficiency and speed of the soft robot
were compared and analyzed based on the change in magnetic field strength of up to 1 T. The on–off
control method was operated with a frequency of 2 Hz giving the paper polymer deposits enough
time to react to the magnetic field. The experiment was conducted by changing the magnitude of the
magnetic field and input signal frequency using the EMA system; soft robots of different sizes were
used for the analysis.

4.3. Experimental Results

Figure 9 shows the moving motion over time using a soft robot that was scaled 1.5 times with the
highest matching rate in the simulation. We captured every 5 s in the crouched (on) and return (off)
states to verify the walking mechanism. When the magnetic field was activated, the soft robot exhibited
a shape that curled and contracted while pulling the back leg. Thereafter, along with the removal of the
magnetic field, the friction of the back leg suppressed the backwards motion and initiated the forwards
motion. Finally, the continuous on–off control of the magnetic field realized the positional movement.
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Figure 9. Snapshots of walking soft robot motion. A photograph of the robot’s walking motion
experiment taken in chronological order. (Blue line: start line, scale bar: 5 mm).

We measured the moving distance and the time taken by the soft robot and accurately calculated
the walking velocity according to the structural scale size and magnetic flux density. In order to increase
the magnitude of magnetic flux density, experiments were conducted using a VSM device. A uniform
magnetic field of maximum 1 T was applied under the same conditions as before. The moving distance
was equally applied up to 3 cm, and the elapsed time was measured 10 times for each case. Under the
assumption that the walking velocity had a constant value, the velocity in each case was calculated
by dividing the travel distance by time. Figure 10 shows the averaged velocity calculated by the
experiment according to the abovementioned two variables. The higher flux density increased the
velocity, whereas the larger size decreased the velocity. With a magnetic field of 0.649 T and a soft robot
with a scale of 1.25 times, a maximum speed of 77 mm/s was achieved. However, in the magnetic field
below 0.5 T, the weight of the soft robot had a fatal effect, and it was judged that the generated torque
was insufficient to realize the motions of pushing and pulling the paper link. This can be solved by
performing studies that would consider the force in motion and develop structures that effectively
transmit energy. A material with better resilience could also be used.

Figure 10. Result of the walking velocity experiment conducted according to the magnetic flux density
and varying size of the soft robot.

5. Conclusions

In this study, we proposed and validated a walking soft robot mechanism made of a paper,
actuated by a polymer actuator embedded with chained MPs. Magnetic polymers in which MPs are
aligned has the property of aligning according to the direction of a uniform magnetic field, and a torque
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mechanism to generate walking motion was used. The feasibility of the proposed mechanism was
examined via robot kinematics and simulation. The proposed soft robot was fabricated in the frame
of a paper body and operated by the on and off states of magnetic field control via the EMA system
and a VSM for successful motion. The EMA system was useful for controllability such as changes
in the direction of the magnetic field, but there was a limit to completely solving the stiffness of the
paper with the torque generated by the polymer. Accordingly, a high-intensity magnetic field of up to
1 T was applied using the VSM, and analysis was conducted according to the robot size and walking
speed. The devised mechanism was verified, and the performance was evaluated for various sizes of
soft robots and a speed control of up to 0.77 mm/s was achieved.

The fabricated magnetic polymer actuator and the paper framework played an important
role in realizing a new mechanism for soft walking robots. The proposed soft robot mechanism
focuses only on walking motion and its actuation through magnetic polymer actuator; however,
to implement a multi-functional small-scale robot, higher degrees of freedom motion and a method
for their independent actuation control needs to be conquered. In addition to this, further technical
developments including robot joint angle measurements and robot posture sensing, as well as advanced
control methods in utilizing active electromagnetic field control are still needed for ensuring the
smooth movement of the robot. Although we conducted the robot simulation to verify the motion of
the designed robot configuration, the lack of dynamic behavior incorporating the polymer actuator
properties needs to be further established to predict the newly designed robot motion before fabrication.
Nevertheless, we think that the development of articulated robots through partial actuators suggests a
new research direction in the context of recent changes to the polymer model, or in a situation in which
soft robots, produced by themselves, are being studied in various fields with improved mechanisms
and driving circuits [34,35]. In the future, it is expected that small-scale robots that perform various
functionalities in addition to walking will be utilized in various applications such as drug delivery and
biopsy in restricted and inaccessible environments within the human body.
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Abstract: Nowadays, the concept of programmable matter paves the way for promising applications
such as reshaping an object to test different configurations, modeling or rapid prototyping. Based on
elementary modules, such matter can be arranged and disassembled easily according to the needs of
the designers. Several solutions have been proposed to implement this concept. Most of them are
based on modular self-reconfigurable robotics (SMR) that can work together and move relatively
to one another in order to change their configuration. Achieving such behavior requires to solve
some technological challenges in particular module’s geometry and actuation. In this paper, we build
and develop a proof of concept for a catom based on electrostatic actuation. The modeling and
analysis of the actuator functioning as catom is given after a comparison of various possible actuation.
Simulations as well as experiments validations are afterwards carried out to confirm and demonstrate
the efficiency of electrostatic actuation to achieve latching capabilities of the proposed catom.

Keywords: electrostatic actuation; programmable matter; self-reconfigurable robotics

1. Introduction

1.1. Programmable Matter

Programmable matter is a term that was first defined by Toffoli and Margolus [1] to refer to an
ensemble of fine grained computing elements arranged in space. It is a matter that can change its
properties such as shape, optical properties, color, conductivity, density, and so forth. on demand
from a user, from sensor feeds or from software control. A best conceptual illustration of this matter is
the fictional T1000 liquid-metal robot from the James Cameron film-Terminator 2: Judgment day [2].
The robot’s body, composed of billions of microscopic modules, has the capacity to reconstitute itself
after an injury.

One advantage of programmable matter is its morphability which could allow to send or copy
objects as easily as digital documents. For example, reshaping an object to test different configurations
allows for cheap and rapid prototyping for car manufacturers or plane designers. As described in
Figure 1, the modules composing the programmable matter (on the left) can be rearranged to form a car
model (on the right). Once the model is validated by designers, they can be disassembled for another
use. In an industrial world where time, money and recycling are feature keys, such morphability is a
very interesting concept.

Actuators 2020, 9, 43; doi:10.3390/act9020043 www.mdpi.com/journal/actuators
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Figure 1. Illustration of programmable matter used for car prototyping unit.

From physical point of view, implementing programmable matter concept is challenging and
remains an active research area. Several solutions have been proposed in the literature. Almost all of
them are based on modular self-reconfigurable robotics (MSR) which has the advantage of including
a computation part. These solutions are composed of individual modules (one or several kind) that
have to satisfy the three following properties—Latching, Locomotion, and Communication. Then an
algorithm has to overview all the catoms to allow them to arrange their configuration and to reach
the desired shape. This paper will study and design one catom that with a focus on the first property:
the latching capabilities. In the rest of this introduction-section, we first give a state of the art of
programmable matter in MSR approach. Then we compare the different actuation technologies from
which we will justify the use of electrostatic actuators in our case. Finally, we present the contribution
of the paper.

1.2. State of the Art

In the field of programmable matter and self-reconfigurable robotic systems, there are a lot
of works in the literature. Toffoli and Margolus [1] introduced the concept of programmable
matter. Later on, roboticists started from this concept in order to go towards physical realization.
Fukuda et al. [3] developed the CEBOT (Cellular Robot) and set a base for most of the following works.
Many prototypes have been created since then, in a large scope of size, shapes, in both 2D and 3D
configurations. While most of the existing systems exploit a lattice structure to lessen the complexity
of self-reconfiguration, there also exist chain type systems which do not rely on a lattice. However,
these two types do not negate each other and some existing systems are even based on both at the
same time such as the M-TRAN (Self-reconfigurable modular robot) [4].

An MSR module has generally to be fast when in movement and has to exhibit a strong latching
capability when in rest, and if possible exhibits energy efficiency property. The M-block modules
in Reference [5] offer an answer to these requirements by using cubic robots shape able to move
thanks to inertial motors and to latch to each other using permanent magnets. They are one of the
most advanced modules on the market that can claim to be programmable matter. Their permanent
magnets offer strong latching capability, which is very useful to oppose gravity and to stack lots of
modules at once. Indeed, gravity is one of the biggest challenge to deal with when working in the 3D
MSR. In Reference [6], the authors proposed modules based on helium robots such that the gravity is
overcomed. On the other hand, Garcia et al. [7] worked with pneumatic energy to latch their modules.
While there was no real actuation, their vacuum powered robots have a very strong latching capability.
Such latching strength is one of the most important part regarding programmable matter because
the modules have to uphold the desired form when all of them are connected. The Molecule [8] is
a set of two modules attached each other by a rigid axis. Each pair of modules can then connect
with the other pairs and move around. A lot of robots also use mechanical latching for its strong
force generation capability beyond the fact that it is a well known principle. A wide variety of
approaches based on mechanical latching exists nowadays. For instance 3D-Units [9] and the ATRON
(lattice based self-reconfigurable robot) [10] are based on hooks, whilst the Metamorphic modules
in Reference [11] are based on key and locks. Even if lattice based-systems are predominant, one can
also find chained based systems in the literature, such as the CONRO (Configurable Robots) [12] or
the Modular-Expanding modules [13].
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The above survey are related to 3D modules. However, the design of a 3D module can also be
inspired from their 2D counterpart, in particular in term of actuation principle. The 2D Claytronic
cylinder presented in [14] uses an electrostatic actuation which serves as both latching and movement
generation. Though not widely used, the advantage of electrostatic actuation is its miniaturization
possibility. In [15], an electromagnetic actuation is used for latching. While one module cannot
move relatively to another one, the feature was that they can communicate each other through
electromagnetic field In Reference [16], the above electromagnetic actuation for latching has been
extended to 3D modules. Yim et al. [2] and Ostergaard et al. [17] provide much more thorough review
on modula robotics that can be extended to modules for programmable matter. Overall, most of the
current technologies regarding programmable matter favor cube-shaped modules since they offer
several advantages: large surfaces for easier latching, ease of fabrication, and high stability when
stacked/latched. In counterpart, these advantages are at the expense of the difficulty to create relative
movement between modules.

1.3. Comparison of Different Actuation Technologies

To compare the different potential technologies used in modules, we propose the
following measures:

• force generated by a module (Latching force),
• energy required for latching (Energy),
• miniaturization possibility (Miniaturization),
• ease of integration of the actuation on a module (Integration),
• and possibility to use the same latching actuation for relative movement (Movement).

Table 1 provides the ranking of the different principles of module latching found in the literature:
mechanical latching (Mech), permanent magnet latching (P mag), electromagnetic latching (E mag),
electrostatic latching (Elec) and pneumatic latching (Pn). As already stated above, the mechanical
latching is one of the most present in current technologies of modules because it is well understood,
generates a strong force output and is relatively easy to integrate (mostly for cubic modules).
In counterpart mechanical latching is not easy to miniaturize and its energy consumption is relatively
high. Permanent magnet latching also suffers from miniaturization limitation. Moreover, it is not
adapted as actuation for relative movement between modules because of the strong stuck force they
produce and that keep the latters latched, and because the fact that they are not really controllable.
On the other hand, electromagnetic actuation is controllable versus permanent magnet actuation.
However it requires high current. Beyond that, its main limitation is the very weak force when going
to miniaturization. As from Table 1, electrostatic actuation could provide the best compromise about
the different criteria we impose to design modules for latching perspective. Even though electrostatic
actuation produces less force compared to a mechanical latching or a permanent magnet, it has three
main advantages. First, it requires small amounts of energy to ensure the latching. Indeed, electrostatic
actuation might require high fixed voltage in certain situation but the electrical current is very weak.
Second, the scaling effect allows to obtain higher force density generated by electrostatic actuation and
is favorable for miniaturization [18]. This is important for the latching and for the module movement.
Finally, this actuation mode can be easily disabled by cutting the power.
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Table 1. Comparison table.

Labels Force Energy Miniaturization Integration Movement

Mech 2 3 3 2 1

P mag 2 1 4 3 4

E mag 5 4 2 4 2

Elec 4 * 2 1 1 3

Pn 1 5 5 5 5

Mech = Mechanical latching, P mag = permanent magnets, E mag =
electromagnets, Elec = Electrostatic latching and Pn = pneumatic latching.
* The smaller the system is, the more potent the electrostatic force will be.

1.4. Contributions

Within the national B3PM (Building the Basic Blocks of Programmable Matter [19]) project devoted
to rapid prototyping in automotive industry, as illustrated in Figure 1, a concept of programmable
matter has been presented in [20]. Upon this previous work, this paper aims to develop a module
based on electrostatic actuation. This actuation mode is expected for both latching and displacement of
the module. Furthermore, the design is such that it is suitable for miniaturization purpose. The term
catom will be used in the sequel to describe the module. This term comes from the combination
of the words Claytronics and atom. The term Claytronics is within programmable matter concept,
means “Electronic clay” and combines nanotechnologies and computer science. The catom presented
in this work has to fulfill the following specifications:

1. connection between several catoms with minimization of void space between them in order to
regularly fill a 3D space,

2. large contact and electrodes surfaces between two catoms in order to maximize the efficiency of
electrostatic actuation,

3. centimeter scale for the catom size and ease of miniaturization,
4. mass fabrication possibility.

To address our contributions, the paper is organized as follows. Section 2 describes the choice
of the catom geometry, the integration of electrostatic actuation and the modeling of the latching
functioning. In Section 3, the realization of both catom’s structure and planar electrodes is presented.
Experimental validation procedure is presented and the obtained results are discussed in Section 4.
Last section summarizes the work and provides some perspectives on further developments.

2. Catom’s Shape and Modeling of the Actuation

2.1. Quasi-Spherical Catom as a Module

As pointed previously, the cube shaped catom has several advantages but the sharp edges do not
allow an ease of movement. To overcome this limitation, a spherical catom would be the theoretical
best structure allowing an ease of movement with the minimal amount of energy. This also allows
to mimic nature and the atoms that compose matter. However, a spherical catom is not convenient
for latching because of the point-point contact between the two spheres. To tackle this limitation,
a quasi-spherical shape concept was adopted in Reference [20] within the B3PM project. In this paper
we use the quasi-spherical shape for a catom and proposes to design the actuation that will permit to
this to latch and to move.

The suggested quasi-spherical catom has a face-centered cubic (FCC) lattice structure as depicted
in Figure 2a. In this configuration each catom can have up to twelve neighbors catoms. Each neighbor
catom can be locked onto the dedicated latching surface, called connector, of the initial catom by the
proposed electrostatic actuation. The other surfaces (non-connectors) serve as rolling surfaces during
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the displacement. The length of all the surfaces, connectors and non-connectors, are designed such
that a catom in movement can always reach another catom latched and connected on the initial catom.
Even if this quasi-spherical shape offers several advantages, we propose a modified wuasi-spherical
shaper as illustrated in Figure 2b. In fact, the latching force that will be obtained from the electrostatic
actuation is proportional to the connector surface, hence the quasi-spherical shape of Figure 2b will
provide better taching strength than that of Figure 2a. In the new suggestion, the connectors surfaces
for a given volume in order to ensure the required latching force while rolling and passing surfaces
(the non-connectors surfaces) based on triangle empty surfaces are still possible. For the rest of the
study, a catom of a diameter of 2 cm is considered with connector’s surface of 8 mm × 8 mm.

connectors

a b

connectors

Figure 2. Catom’s CAD structure. (a) Quasi-spherical catom shape. (b) Catom maximizing the surface
of connectors.

2.2. Principle of Electrostatic Latching

We present here the principle and model of the electrostatic actuation that will be behind the
connectors surfaces and that serve first as latching mechanism. The idea is to distribute electrodes on
each connector surface. Hence, when applying an electrical potential to the electrodes on one surface
of a catom, and when another potential is applied to the electrodes on the surface of the other catom,
the potentials difference will create an attraction force between the two surfaces. Thus, a latching
of the two catoms is obtained. The advantages of such electrostatic actuation are—(i) suitable for
miniaturization, (ii) easy to implement and (iii) can be used for both latching and displacement
actuation and l (iv) low energy consumption. This latter advantage is of particular interest since the
theoretical energy consumption is zero in steady state and non zero in transient state, which is very fast.
In this paper, we investigate only the latching capability of the catoms. The idea consists in assessing
the provided force according to the applied voltage and the geometrical features of the electrodes on
each connectors surfaces. In particular, we will study and derive the required force to maintain two
catoms attached to each others.

Figure 3 illustrates the principle of the electrostatic actuation where two electrodes surfaces facing
each other are electrically charged. Considering this configuration as a parallel capacitor, it is easy to
derive the attractive force F between them using the principle of virtual work:

�F = −�∇We, (1)

where We is the stored electrical energy in the capacitor. In the case of parallel capacitor the following
expression of the force along the vertical axis can be derived.

F =
ε0 A

2( xins
εr

+ xair)2 U2, (2)

where ε0 and εr are respectively the dielectric permittivity of the void and the relative permittivity of
the insulation material, A is the area of a connector surface, xins is the width of the insulation, xair is the
distance of the air gap separating the two plates and U is the voltage or potentials difference between
the two electrodes.
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electrodes

catom 1

catom 2

U

0

x

Figure 3. Principle of electrostatic actuator based on parallel capacitors.

Having the relationship that links the applied voltage U and the electrostatic force F as described
in Equation (2), it is easy to derive the required condition to latch two catoms to each other. For this,
let us consider the four configurations presented in Figure 4. They represent the possible positions
between two catoms in latching condition and based on a FCC latice. Among these positions, two are
of interest: Case A and Case B. Case A is the critical case where the entire weight of one catom has
to be overcame by the connection, whilst case B represents the worst case where the moment to be
overcame is maximal. Cases C and D represent less force and less moment than the two first cases,
therefore they will not be considered here.

Figure 4. Different possible configurations of catoms based on face-centered cubic (FCC) lattice.

First let us consider case A. The minimum force to maintain the catom is straightforward from the
Newton’s first law.

F = mg (3)

where m is the weight of the catom and g is the gravity. By combining Equations (2) and (3), considering
that there is an air gap between the two electrodes, the condition in term of voltage that guarantees the
latching is obtained:

U ≥
√

2mgx2
air

ε0εr A
. (4)

Let us now consider case B. Still using Equations (2) and (3), the required moment around point I
(Case B in Figure 4) to maintain the catom latched is derived:

Fc
2

≥ mgr, (5)
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where c is the connector side and r the external radius of the quasi-spherical shape that forms the
catom. Combining Equations (2) and (3) leads to the second condition in term of voltage required to
make sure that the catom will not roll down when latched:

U ≥
√

4rmgx2
air

cε0εr A
. (6)

From the two conditions in Equations (4) and (6), the final condition to be ensured in order to
guarantee both case A and case B, and consequently case C and case D, is:

U = max

⎧⎨
⎩
√

2mgx2
air

ε0εr A
,

√
4rmgx2

air
cε0εr A

.

⎫⎬
⎭ (7)

2.3. Simulations

To perform the simulations, numerical values for the further realization are used. The material to
be used is the VISIJET M3 Crystal material, a plastic used for 3D printing. From this material and using
Autodesk Inventor 2019 CAD software, we estimate the weight of the catom to be 500 mg. From this
weight and using Equation (3), the force has to be greater than F = 5.10 mN in order to lift a catom in
vertical position (case A). To derive the necessary conditions in term of applied voltage and distance
between electrodes that can provide this amount of force, we start by simulating the general governing
equation of electrostatic actuation as described in Equation (1). To this aim, some hypothesis are made:
(i) εr is taken equal to 1 as we assume that only air insulates the two electrodes, and (ii) the electrodes
are perfectly planar. The resulting force versus the applied voltage and the gap between electrodes is
given in Figure 5.
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Figure 5. Force generated versus voltage and distance between two electrodes.

As expected from Equation (2), Figure 5 clearly reveals that the distance between the electrodes
has an important role regarding the generated force: the further distance between two electrodes is,
the less generated force will be. In other words, few hundreds of nanometers of additional distance
will drastically decrease the generated force. In counterpart, reducing the electrodes gap in order to
increase the amount of force for a given voltage has a limitation. Indeed, one has to take into account
the dielectric strength (breakdown voltage) of the material isolating the electrodes. When subjected to
a voltage higher than its dielectric strength, the material breaks and electrical arcs will appear between
the two electrodes and will reduce the generated force to zero. Furthermore when the material is
broken, the electrodes can not be used anymore. As an example, let us consider a gap between xair
two electrodes equals to 10 μm. Doing so, it is easy to determine the required force to lift the catom
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respecting the two previous conditions. Considering as example a voltage of 65.8 V, one can obtain
from the intersection of the two curves illustrated in Figure 6: the force generated by the weight of
the catom and the electrostatic force attracting each other the electrodes separated by a distance of
10 μm. For example, the air has a dielectric strength of 3.0 Mv/m. Hence, a voltage of 30 V can cause
breakage of the air between the two electrodes distanced of 10 μm. Thus, another insulation material
has to be used or added to separate the electrodes in the suggested electrostatic actuators. In this
regard, SiO2 (silica) material is of particular interest since it has a dielectric strength of 40 MV/m that
requires 390 V of voltage to reach the breakage [21]. In addition, the integration and deposition of this
material to the electrodes is standard using clean room facilities and thus a good flatness of the final
electrodes will be ensured. With this SiO2 layer on each electrode, the final gap between two electrodes
is: x = xair + xins.

Figure 6. Force generated versus voltage considering a gap of x = 10 μm.

3. Fabrication of the Catoms

As from the previous section, ensuring a fully planar gap between two electrodes is a key challenge
for electrostatic actuation. To ensure a high quality planarity, we combined micro-fabrication technique
and a high-resolution 3D printing. Micro-fabrication technique was used to fabricate electrodes in
order to guarantee a high level of flatness whilst 3D printing was used to print a catom where grooves
were expected to host the electrodes.

3.1. Realization of the Catom Structure

As quasi-spherical shape is not easy to fabricate with conventional process, a 3D printer is used
for fast and cheap prototypes it. It consists of a PolyJet SD 3500 printer (3D SYSTEMS company,
South Carolina, USA). The printer uses a Visijet M3 Crystal material to print the design itself while
wax is used as a support material. The model is constructed by adding material layer by layer.
After printing, the model is placed inside an oven to remove the wax material. To reduce the catom
weight as much as possible, and to make easy the further electrodes wiring, holes are created within
the catom. The resulting structure after printing is presented in Figure 7 (left). The printed catom
presents a weight of m = 373 mg.
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Figure 7. Printed catom’s structure and catom with glued electrode.

3.2. Clean Room Process

As pointed in Section 2.3, the distance between electrodes has very high impact on the force
generated by the catoms. Even a small difference in the gap can drastically reduce the produced
force. To overcome this limitation, a high quality of flatness of the electrodes is required. To reach this,
clean room technologies are the suitable solution since they can guarantee the required flatness of the
surface. It is worth to notice that micro-fabrication process guarantees a very high level of flatness
since the deposition process is controlled with a maximum error of 3% over the whole wafer. Reported
to the size of one electrode this error becomes smaller at around 0.2%. Based on these technologies,
the flow chart process given in Figure 8 is developed in this work to fabricate the electrodes and the
deposition of the additional insulator based on SiO2.

Silicon 10-100 Ohm.m 300 μm

Protective resin S1318

Cr/Au 100 nm 

Wiring

a

b

c

d

e

or 200 nmSiO2 Si3N4

SiO2 bottom face removal

Figure 8. Flow chart of the clean room process used to fabricate the electrodes.

The process starts by growing an insulation layer of 200 nm of SiO2 on both sides of a low resistant
wafer with a thickness of 300 μm using a thermal oxidation oven (see Figure 8a). The oxidized layer,
also referred to as insulator or insulation layer, has a 1.5% error margin on its thickness. Then, the SiO2

on the bottom face is removed. To do so, the top face is protected with a S1318 resin (see Figure 8b)
and the wafer soaks in a BHF bath (see Figure 8c). Then, the bottom side of the wafer is metallized
using a cathode-ray pulverization machine to apply first a 20 nm layer of chrome and then a 80 nm
layer of gold (see Figure 8d). The metal layer has two main functions: (i) first, it is used to act as soft
layer to glue the wire without (or with very few) oxydation, (ii) second, it permits to have a better
distribution of the electric field in the silicon layer allowing a more homogeneous distribution of the
charge. In the last step, the wafer is cut following a square pattern of 8 mm side, which represents the
size of the electrodes. The electrodes are chosen in the middle of the wafer to further minimize the
flatness error. Then a silver paste is applied to connect an insulated wire of a diameter of 0.2 mm on the
metallized side (see Figure 8e). This wire is chosen to be very flexible and light in order to neglect its
effects during the experiments. Finally, electrodes and their wires are glued on the catom structure as
shown in Figure 7 (right). SiO2 material is privileged as insulator because of its high dielectric strength
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and its high dielectric constants. Si3N4 can also be used but the quality of its deposition onto the catom
surface is challenging.

To do the assembly and fabricate the final catom, a small amount of superglue is spread out along
the catom’s grooves, then the electrodes are glued. This operation is done manually since the size of the
electrodes (side of 8 mm) and the structure (diameter of 2 cm) are sufficiently large to be manipulated
by manual tweezers. In this case, there is no need to: (i) master the glue, (ii) master applied force or
(iii) use an automated assembly technique.

4. Experimental Validation

4.1. Presentation of the Experimental Benchmark

The experimental benchmark used to validate the fabricated catoms is depicted in Figure 9.
This setup is used to characterize the generated force when two catoms latch each other.
The experimental setup is composed of:

- a tensile test machine equipped with a load cell having a force capability up to 2 N with a
resolution of 3 mN. The top part of the machine is the moving part which produces a tensile force.
The bottom part is fixed and connected to a load cell which acts as the sensor.

- two catoms fixed on the jaws of the tensile machine. One catom is fixed on the top of the machine
while the second is fixed on the bottom of the machine.

- a generator that can provide a voltage up to 200 V allowing to supply the electrodes of the catoms.
- and a computer and acquisition system used to acquire signals from the tensile machine,

to visualize and to record data, and to analyze them.

Figure 9. Experimental bench.

The experimental setup are placed on an anti-vibration table to limit the influence of mechanical
vibration on the load cell of the tensile machine.

4.2. Tests and Results

The latching capability of the catom is tested for different applied voltages. The idea consists to
do a characterization of the interaction force between two catoms according to the applied voltage.
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In other words, it aims to derive a relationship between the applied voltage and generated force.
For each test, the same experimental protocol given below is followed:

1- The first catom is clamped to the bottom jaw of the tensile machine.
2- The second catom is placed on top of the first one.
3- The two catoms are powered to latch them together.
4- The second catom is clamped to the top jaw of the tensile machine while latching to the first catom.
5- The tensile test begins by moving up the top jaw of the tensile machine with a constant speed

of 1 μm/s.

The experiments were carried out using several sets of catoms and at different voltages. Since the
test is not destructive, we were able to take several measurements for each voltage values and each
catom sets. Figure 10 shows a typical interaction force recorded by the load cell of the tensile machine.
Two distinct phases can be observed. At the beginning, the force grows quickly until the breakout
force is reached. Then instead of dropping to zero instantly, the force decreases slowly. This is the
effect of electrostatic force which decreases when the distance between two electrodes increases.
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Figure 10. Breakout Force measured during the tensile test at 170 V.

Here, only the peak is of interest because we are only studying the latching mechanism.
The measurement is repeated 150 times for different voltages between 100 V and 200 V. The minimum
voltage is 100 V because below this point, the measurement noise becomes important compared to the
produced force of the mechanism. Each test gave off a force value depending on the applied voltage
and the results are compiled in Figure 11. This curve particularly shows the standard deviation of
the measured force per voltage and the least square identification used to verify the model given in
Equation (2). The red curve is the same as the curve given in Figure 6 where the air gap value is
adapted to fit the model. These results are discussed in the next subsection.
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Figure 11. Standard deviation curve versus least square identification method.

4.3. Discussions

When comparing the experimental values with the theory for a gap of 600 nm (equals to the sum of
the SiO2 thicknesses of the two antagonist electrodes), a huge difference is observed. The theory exhibits
60 mN of force for 100 V of voltage while the experiment gives a generated force of approximately
40 mN. To analyze the difference, let us go back to Equation (2). Thanks to the clean room process
of fabrication, parameters xins and A have very negligible errors compared to the theory. Hence the
remaining parameter is xair which is the air gap. This air gap can come from two different factors:
(i) a tilt or parallelism error between the electrodes, (ii) dust particles. Regarding the slight tilt, it come
from the gluing or the position of a catom according to another one, but the generated force can
compensate it since the electrodes are planar and one catom is always free. However dust that comes
from the environment cannot be compensated because it introduces a physical gap that increases the
distance between two electrodes and as a consequence decreases the generated force. To support this
hypothesis a zoom of an electrode is shown in Figure 11 where dust particles can be seen. Assuming
such dust, using a parametric identification technique, we found that an air gap of about 12 μm
potentially exists between the two electrodes.

Because dust size is approximately 11 μm, this assumption well fits to the experimental results
in Figure 11. Regarding the high standard deviation in this curve however, its cause is due to the
difficulty to set the same initial condition each time we start a new test. When the two catoms split,
they slightly move due to the used ‘pin-jaws’. In addition, the pin-jaws have a certain flexibility which
allows to easily re-latch the catoms between each test, and thus implies that the catoms are not in the
exact same position than before. Moreover, in the meantime, it is also possible that additional dust
come to or disappear from between the two electrodes and consequently change the air gap previously
mentioned. Finally the electrodes are also fragile: when subjected to shocks they can stop working due
to the dielectric layer breaking and the prolonged usage with repeated latching and unlatching can
wear off the electrodes.

In spite of these difficulties, the identified relation between the applied voltage and the generated
force is important since it allows to predict the sufficient amount of force to achieve a given
configuration. Keeping in mind this relation, we performed different configurations. The results
shown in Figure 12 are very promising in terms of latching capabilities of a catom. Indeed Figure 12a,b
show that one can achieve the conditions given in Section 2.2. On the other hand Figure 12c,d reveal
that when a maximum voltage of 200 V is applied, the catom’s latching capabilities are strengthen.
Such high voltage contributes for the stability of the latching for overhanging situation or when a
heavy object (75 times heavier than one catom) have to be supported by the catom.
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Figure 12. Experimental validation of different catom’s configurations. (a) Catom latching in overhang
configuration (Case B). (b) Catom latching in vertical configuration (Case A). (c) Catom latching in
overhang configuration while lifting a heavy weight. (d) Two catoms latching following Case C.

5. Conclusions

This paper presented the design of a new module for programmable matter. Called catom,
the module was typified by a quasi-spherical shape with face-centered cubic lattice and had centimeter
scale. Electrostatic actuation was studied for the latching capability of the catom. After describing the
catom’s geometry, we provided the latching conditions considering low energy, miniaturization and
sufficient force constrains. The fabrication of the catoms was afterwards presented and simulation and
experiments were carried out. The results demonstrated that the latching was strong enough under
various conditions.

Future works consist in improving the robustness of the electrodes regarding their wearing off
by adding a protecting layer and/or utilizing a metallic wafer. Future works also include the study
of flexible electrodes for a better fitting with the quasi-spherical shape. On the other hand, the used
electrostatic actuation will also be studied and extended such that one catom can move relative to
another catom instead of only working in latching mode. In this future work, additional parameters
such as the friction and the catom inertia will have to be considered in order to find the conditions of
rolling/toplling of a catom relative to another one. Finally, perspective works will also include the
integration of a super capacitor or a non-contact source to supply each catom.
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Abstract: In mobile devices, the screen size limits conveyance of immersive experiences; haptic
feedback coupled with visual feedback is expected to have a better effect to maximize the
level of immersion. Therefore, this paper presents a miniature tunable haptic stylus based on
magnetorheological (MR) fluids to provide kinesthetic information to users. The designed stylus has
a force generation, force transmission, and housing part; moreover, in the stylus, all three operating
modes of MR fluids contribute to the haptic actuation to produce a wide range of resistive force
generated by MR fluids in a limited size, thereby providing a variety of pressing sensations to users.
A universal testing machine was constructed to evaluate haptic performance of the proposed haptic
stylus, whose resistive force was measured with the constructed setup as a function of pressed depth
and input current, and by varying the pressed depth and pressing speed. Under maximum input
voltage, the stylus generates a wide range of resistive force from 2.33 N to 27.47 N, whereas under
maximum pressed depth it varied from 1.08 N to 27.47 N with a corresponding change in voltage
input from 0 V to 3.3 V. Therefore, the proposed haptic stylus can create varied haptic sensations.

Keywords: miniature stiffness display; MR fluids; haptic; multiple mode

1. Introduction

Because of advancements in mobile hardware technology, interaction with mobile virtual objects
has become increasingly popular with most users owning a smart phone. Mobile virtual reality
includes a variety of graphical content from a simple static object to one having complex dynamic
behavior. A user who manipulates and interacts with these objects wants to haptically ”feel” not only
the presence of objects but also their material properties. As the demand for realistic interaction with
virtual objects increases, the importance of haptic technology also increases to ensure that the ultimate
level of immersion is conveyed to users.

Haptic sensation consists of kinesthetic and tactile feelings. A kinesthetic feeling refers to sensory
data obtained through receptors of joints, muscles, ligaments, etc. The tactile feeling is a cutaneous
sensation obtained from receptors of the skin. A user recognizes the stiffness of an object through
kinesthetic information and discerns the texture of an object through tactile information. Thus, to
convey a more realistic haptic sensation to users in a virtual environment, both tactile and kinesthetic
information should be simultaneously presented to users.

Recently, many mobile devices have used styluses to help users tap on the screen and allow
them to delicately manipulate virtual contents. In virtual reality, while visual information is the
most dominant sensory input for perceiving virtual objects, haptic information coupled with visual
information increases the sense of reality. Therefore, many researchers have focused on tactile modules
that stimulate the skin of users [1–7]. Lee et al., developed a haptic pen using a touch sensor and
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solenoid coil to create a sense of contact with virtual objects [1]. Kyung and Park presented a pen-like
haptic interface, which consists of a compact pin-array tactile module and a vibrating module (Ubi-Pen),
and verified its haptic performance [2,3]. Liao et al., developed a pen-type haptic interface device
and evaluated its usefulness [4]. Cho et al., presented a haptic stylus to generate auditory-tactile
feedback that provides realism in handwriting or drawing tasks [5]. Wang et al., suggested an
electro-vibration based haptic pen which can create continuous tactile feedback [6]. Arasan et al.,
developed a vibrotactile pen for generating two haptic effects (static and dynamic vibration) and
conveying them to users [7]. Although these pens can haptically simulate the roughness of a target
object and can emulate button sensation using vibration, it is not easy to represent the stiffness of the
virtual object through tactile feedback.

Many researchers have shown interest in incorporating kinesthetic effects in haptic styluses.
Kamuro et al., suggested a pen-type hand held haptic interface conveying kinesthetic feeling to
users [8]. Tian et al., proposed a haptic stylus which creates kinesthetic and tactile sensations [9].
Kianzad and MacLean developed a magic pen that generates kinesthetic sensation using a ball-point
drive mechanism [10]. Kara and Patoglu suggested a haptic stylus having variable tip compliance [11].
Even though these haptic styluses directly provide kinesthetic information (for example, force or
distributed pressure), actuation mechanisms are too bulky and heavy to be inserted into tiny styluses.

Therefore, the magnetorheological fluid (MR fluid), whose mechanical properties can be changed
according to an external magnetic field, has been studied as a material for pen-type haptic devices to
convey kinesthetic sensation to users [12,13]. MR fluids based haptic pen was developed to interact
with an image on a mobile terminal [12]. Another haptic pen for creating kinesthetic sensation using a
hybrid actuator (MR actuator with a voice coil motor) was introduced [13]. They used two modes (a
flow mode and a shear mode) of the available three operating modes of MR fluids to increase haptic
resistive force. Although their research works greatly help users to understand the material property
of virtual objects by using kinesthetic information, the range of haptic force can be further expanded if
the squeeze mode is added to the haptic pen. The reason being that squeeze mode has the greatest
effect on the generation of resistive force among these three operating modes in MR fluids [14–18].
In this paper, we propose a new design of tiny haptic stylus, in which all three modes (a shear mode,
flow mode, and squeeze mode) of MR fluids can contribute to the haptic actuation, to increase the
magnitude of haptic force to the level where users are truly “satisfied” in a small size. The proposed
tiny haptic stylus is expected to be useful for interaction with virtual objects because of its simple
structure and haptic performance.

2. Design of A New Kinesthetic Stylus

2.1. Overall Structure

Figure 1 shows the structure of a proposed haptic stylus which consists of three parts: (1) force
generation, (2) force transmission, and (3) a housing part. The force generation part, which plays a
role in creating resistive force, includes a T-shape rod, a spring, an O-ring, a bottom plate, a spacer,
a plunger, a solenoid coil, a magnetic shelter, and a top plate. The force transmission part is composed
of a pen tip and hollow shaft. The spring is used to restore the compressed force generation part to its
initial position and the T-shaped rod transmits the resistance force from the force generation part to the
force transmission part. One end of the T-shaped rod is connected to the hollow shaft, and the other
end of the T-shaped rod is inserted into the hole of the bottom plate with a spring. The hollow shaft
acts as the central axis of the vertical movement of the proposed module. The housing part consists of
an upper and a lower housing. The upper housing is designed to minimize magnetic flux leakage
when voltage input is applied to the solenoid. The force generation part is inserted into the upper
housing. The T-shaped rod is connected to one end of the hollow shaft, and the pen tip is inserted into
the other end of the hollow shaft. The lower housing covers the force transmission part and is then
inserted into the upper housing.
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Figure 1. Schematic of the proposed kinesthetic stylus.

2.2. Operating Principle

The key components of the proposed haptic stylus are MR fluid (MRF) and the solenoid. The MR
fluid is filled in the magnetic shelter that includes the solenoid. The solenoid coil creates magnetic fields
to control the stiffness of MR fluids. The magnetic shelter provides a path along which the magnetic
field induced by the solenoid coil flows. Figure 2 shows the operating principle of the proposed haptic
stylus. When there is no voltage in the solenoid, the MRF is in the fluid state. Therefore, when a user
holds the proposed haptic stylus and pushes the screen of a mobile device with the pen tip, the haptic
stylus is softly pressed, and the user can feel the softness. If an input voltage is applied to the solenoid
coil in the proposed module, the magnetic particles in the MRF form chains and the MRF becomes
semisolid. During this change, since the solidification extent is proportional to the applied magnetic
field, the force generation part in the haptic stylus can create various haptic sensations. Therefore,
when a user interacts with mobile virtual contents using the haptic stylus, he/she can sense a variety of
haptic sensations.

Figure 2. Operating principle of the proposed haptic stylus.

2.3. Optimization of the Haptic Stylus

For maximizing the haptic performance of the proposed stylus, we need to not only optimize the
solenoid and the gap distance between magnetic shelter and the plunger but also reduce the friction
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between the plunger and the top plate. First, we optimize the diameter of the solenoid coil to maximize
resistive force with less power consumption. We simulated the solenoid coil assuming that this module
consumes a power of 0.6 W under an input voltage of 3.3 V. The resistive force of the proposed haptic
stylus is highly related to the magneto-motive force of the solenoid coil. The magneto-motive force (F)
of the solenoid coil and the power consumption are expressed by Equation (1) [19]:

F =
NVA
ρ lt

(1)

In Equation (1), N is the number of turns of the solenoid coil, V is the input voltage, A is the area of
pure conductor, ρ is the resistivity of copper (1.72 × 10−8 Ωm), and lt is the total length of the solenoid
coil. Because we used a multilayer solenoid coil in the proposed haptic stylus, the area (A) of pure
conductor and total length (lt) of the copper wire are expressed by Equations (2) and (3), respectively.

A =
π(dw)

2

4
(2)

lt = 2πrmN (3)

In Equations (2) and (3), π is the ratio of a circle’s circumference to its diameter, dw is a diameter of
the wire of the solenoid coil, and rm is the average radius of the solenoid coil.

The power consumption (P) of the solenoid coil is calculated by the following Equation:

P =
V2A
ρlt

(4)

Figure 3 shows the simulation result of the magneto-motive force (MMF) of the solenoid coil
according to its wire diameter. The black line is the computed magneto-motive force by varying the
wire diameter, and the red line is the magneto-motive force with a fixed power consumption of 0.6 W.
From the result, the wire diameter of the solenoid coil was selected as 0.11 mm.

Figure 3. Simulation result of the solenoid coil: magneto-motive force vs. wire diameter.

As mentioned earlier, there are three operating modes in MRF: (1) a flow mode (MR fluids flow
due to a pressure gradient between the two stationary plates), (2) a shear mode (MR fluids flow
between two plates that are moving relative to one another), and (3) a squeeze mode (MR fluids flow
between the two plates that are moving in a direction that is perpendicular to their planes) [14–18].
To maximize the resistive force in a small device, the proposed haptic stylus should be fabricated in
a structure in which all three operation modes of MR fluids can contribute to the actuation. To do
this, an FEM simulation was conducted using a commercialized software (Maxwell 2D v14, Ansoft,
Pennsylvania, USA). Figure 4 shows the cross-sectional view of the assembled force generation part
and its flux path simulation result. The solenoid coil is attached and fixed to the inside of the magnetic
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shelter. When the T-shaped rod is pressed, this pressing force causes the plunger to move upward.
At this time, the magnitude of the resistive force can be controlled by changing the state of MR fluid.
From the results (Figure 4), we found that the magnetic flux flows well without magnetic saturation
or leakage in the proposed design. As the plunger moves down, the distance between itself and the
declined plane of the magnetic shelter becomes closer and the MR fluid is pressed (squeeze mode).
The squeezed MR fluid flows through the gap between the plunger and the magnetic shelter (flow
mode). Meanwhile, the movement of the plunger causes relative motion between the two slopes (the
plunger and the magnetic shelter) and this relative motion creates shear stress (shear mode). Thus, we
found that the proposed haptic stylus is designed to use all three operating modes of the MR fluids so
that it can generate sufficient resistive force in a small size.

Figure 4. Cross-sectional view of the force generating part and its simulation result.

The gap distance between the magnetic shelter and the plunger is another important factor to
maximize the haptic performance because the gap is filled with MR fluid. Thus, we simulated the
resistive force (haptic performance) by varying the distance (y) between the magnetic shelter and
the plunger (Figure 5). The distance (y) was varied from 1.3 mm to 1.8 mm at an interval of 0.1 mm.
As shown in Figure 5, the result indicates that the resistive force decreases as the distance (y) increases.
Therefore, it is better to decrease the distance between the magnetic shelter and the plunger. However, in
the case of a distance of 1.3 mm, the normal distance between the magnetic shelter and the plunger when
the haptic stylus is fully pressed (d = 1 mm) is too close ((y− d)· sinθ = (1.3− 1)· sin(10◦) = 0.05 mm)
considering the manufacturing error. Therefore, in this study, we selected the distance as 1.4 mm.

Figure 5. Simulation result of the resistive force of the haptic stylus by varying the distance between
the magnetic shelter and the plunger.

To reduce the initial resistive force (when there is no current), we simplified the top plate as shown
in Figure 6. Due to this simple design of the top plate, we could increase the area where the magnetic
flux flows, resulting in the improvement of the haptic resistive force.
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Figure 6. The simple design of the top plate.

2.4. Fabrication of the Tiny Haptic Stylus

Figure 7 shows the constructed haptic stylus consisting of the lower housing, upper housing,
hollow shaft, T-shaped rod, spring, bottom plate, O-ring, spacer, plunger, solenoid coil, magnetic
shelter, top plate, and the pen tip. The T-shaped rod is linked to one end of the hollow shaft, and the
pen tip is connected to the other. The spring is located between one end of the T-shaped rod and
bottom plate in order to create an elastic returning force. The end of the T-shaped rod that penetrates
the bottom plate fits into the plunger’s hole and is fully attached to the plunger. The bottom plate is
connected to the magnetic shelter and MR fluid is filled into the magnetic shelter, and the plunger is
then placed into the magnetic shelter. The commercial mini O-ring (T-SK818, 1.0 mm (diameter) ×
0.4 mm (thickness)) was used with small friction and small size to prevent MR fluid leakage. The haptic
stylus is completed by putting the lower housing toward the pen tip and fitting the upper housing to
the top plate side.

Figure 7. Components for the proposed tiny haptic stylus.

3. Experiment of the Tiny Haptic Stylus

3.1. Experimental Setup

Figure 8 shows an experimental setup to evaluate the haptic performance of the proposed tiny
haptic stylus. The experimental setup is composed of a PC and a universal testing machine (UTM, Z0.5,
ZwickRoell, Ulm, Germany) including a load cell (Xforce P 100 N, Zwick Roell, Ulm, Germany), and a
power supply. In order to tightly fix the proposed haptic stylus, we fabricated a mold (a sample holder),
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whose shape is exactly matched with the upper housing of the haptic stylus. The sample holder was
made of stainless steel (SUS 301) for minimizing the distortion or deformation. The haptic stylus was
bonded with the sample holder, which was bolted on the UTM, by super glue. The measurement head
was precisely moved in the vertical (z-axis) direction by the linear motor installed in the UTM. When
the measurement head pushes down the haptic stylus, the resistive force is measured through the load
cell. The measured resistive force and the position of the measurement head were delivered and were
stored on the PC. The experiment was conducted under various constant speed (0.1 mm/s, 0.5 mm/s,
1.0 mm/s, 2.0 mm/s, 5.0 mm/s, 10.0 mm/s, and 15.0 mm/s) of the measurement head. We set the offset
when the contact force (0.01 N) from the load cell was measured. The power supply was connected to
the proposed haptic stylus to control its resistive force. We measured the resistive forces by changing
the input current, measurement head’s position, and varying the pressing speed.

Figure 8. Experimental setup to evaluate the haptic performance of a proposed tiny haptic stylus.

3.2. Experimental Results

Figure 9a shows the experimental results of the measured force with varying indented depths
(from 0.01 mm to 1.0 mm) and with fixing pressing speed (0.1 mm/s). In Figure 9a, the black line
is the result when the current is removed. The initial resistive force of the proposed haptic stylus
indicates approximately 1 N under the overall pressed depth because of the return spring and viscosity
of MR fluid. The pink line is the result when the current (180 mA) is applied to the proposed tiny
haptic stylus. Under the current input (180 mA), the measured resistive force gradually increases
(from 2.33 N at 0.01 mm to 27.47 N at 1.0 mm) as the indented depth increases. For example, when the
proposed haptic stylus is pressed 1.0 mm, the resistive force, which was initially 2.33 N, increases to
27.47 N in providing a current input of 180 mA. Theoretically, considering a human’s Just Noticeable
Difference (JND) of approximately 10% [20], the proposed haptic stylus allows users to distinguish
more than 26 steps of resistive force. It means that the proposed haptic stylus can convey a variety of
kinesthetic sensations when a user interacts with virtual reality contents in a mobile device. We also
verified that the resistive force variation can be easily adjusted by changing the input current. Figure 9b
shows the results of the measured resistive force with respect to the pressing depth (varied from
0 mm to 1 mm) and the pressing speed (0.1 mm/s, 0.5 mm/s, 1.0 mm/s, 2.0 mm/s, 5.0 mm/s, 10.0 mm/s,
and 15.0 mm/s). The resistive force generated from the proposed haptic stylus was measured with
a constant input voltage of 3.3 V (a consumed current is 180 mA). Even though the pressing speed
increases, the measured resistive forces are almost similar to the reference data (0.1 mm/s).
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Figure 9. Measured resistive force by pressing depth with varying input current at a constant pressing
speed of 0.1 mm/s (a) and with varying pressing speed at a constant input current of 180 mA (b).

We investigated the response time of the proposed haptic stylus by applying a step input to the
haptic stylus and measuring the time taken to reach 90% of the reference signal. In Figure 10, the blue
solid line is the measured resistive force when a step input is applied. The response time (67 ms) was
calculated by subtracting t1 (at the voltage is applied) from t2 (at the measured resistive force reaches a
point of 90 % of the 3.3 V reference). The results show that the response time of the proposed haptic
stylus is enough to be used for conventional haptic applications [21–23].

Figure 10. Measured response time of the proposed haptic stylus.

4. Conclusions

A tiny haptic stylus based on MR fluids was presented as an interaction device for manipulating
virtual reality contents in mobile devices. Compared to conventional haptic styluses, the proposed
device can produce a large kinesthetic force in a small size. To maximize the large kinesthetic
force in a small-sized stylus, the proposed design includes all three operation modes of MR fluids.
We verified that the resistive force’s variation of the proposed haptic stylus was approximately 25.14 N
(2.33 N–27.47 N) when the indented depth is varied from 0.01 mm to 1 mm. Moreover, we have found
that the input voltage can change the resistive force of the proposed haptic stylus. Judging from the
results, the proposed haptic stylus could be used as an interface device for manipulating virtual content
in mobile devices. Some examples include touching rocks or cushion in virtual reality content; or
conducting palpation training for medical students as medical education content. In order to maximize
the performance of the proposed haptic stylus, we will develop the haptic rendering method and
conduct a user study using the proposed haptic stylus. Furthermore, it may be possible to generate
various haptic sensations by including a displacement or pressure sensor.
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Abstract: Piezoelectric actuators have achieved remarkable progress in many fields, being able
to generate forces or displacements to perform scanning, tuning, manipulating, tactile sensing or
delivering functions. In this work, two piezoelectric PZT (lead zirconate titanate) bimorph actuators,
with different tip contact materials, were applied as tactile sensors to estimate the modulus of elasticity,
or Young’s modulus, of low-stiffness materials. The actuators were chosen to work in resonance,
taking advantage of a relatively low resonant frequency of the out-of-plane vibrational modes,
associated with a convenient compliance, proven by optical and electrical characterization. Optical
measurements performed with a scanning laser vibrometer confirmed that the displacement per
applied voltage was around 437 nm/V for the resonator with the lower mass tip. In order to determine
the modulus of elasticity of the sensed materials, the stiffness coefficient of the resonator was first
calibrated against a force sensor, obtaining a value of 1565 ± 138 N/m. The actuators were mounted in
a positioning stage to allow approximation and contact of the sensor tip with a set of target materials.
Electrical measurements were performed using the resonator as part of an oscillator circuit, and
the modulus of elasticity of the sample was derived from the contact resonant frequency curve of
the cantilever–sample system. The resulting sensor is an effective, low-cost and non-destructive
solution compared to atomic force microscopy (AFM) techniques. Materials with different modulus
of elasticity were tested and the results compared to values reported in the literature.

Keywords: piezoelectric; PZT; actuator; out-of-plane; low-cost; tactile; modulus of elasticity; sensing

1. Introduction

Creating devices able to operate at the micrometre scale has been part of the scope of the vanguard of
science and technology for many years. Using the same technology that has allowed the miniaturization
of electronic circuits, it is possible to fabricate miniaturized systems composed of mechanical structures
and electronic components, the so-called microelectromechanical systems (MEMS).

In recent years, sensors and actuators have been usually driven by electrostatic [1],
electromagnetic [2], thermal [3], piezoelectric [4] and Lorentz forces [5,6]. The use of piezoelectric
excitation is challenging, since a considerable voltage is needed to achieve practical forces or
displacements. Nevertheless, in-plane piezoelectric actuators, using PZT (lead zirconate titanate)
as a piezoelectric layer, have recently shown promising results: laser-machined [7] and thick-film
PZT-based actuators [8] in the millimetre size range demonstrated displacements of 60 and 12 nm/V,
while sub-millimetre-sized thin-film PZT-based actuators reached in-plane displacements as high as
300 nm/V [9–11].

Actuators, in general, have achieved remarkable progress in many fields [12,13], being able
to generate forces or displacements to perform scanning, tuning, manipulating, tactile sensing or
delivering functions [14,15]. Tactile sensing might be one of the most complex sensing modalities
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compared to sight, hearing, smell, and taste, as it is not a simple transduction of one physical property
into a bioelectric signal [16]. In this field, contact resonance is a well-established technique, which
allows for the determination of sample mechanical properties by tracking the resonance frequency
of a structure modal vibration while interacting with the sample. The background of this technique
was established by Kleesattel and Gladwell in 1968 [17–20]. Afterwards, Omata et al. used it at the
micrometre level [21,22]; and Rabe deepened the understanding of the technique for atomic microscopy
systems with publications that are a reference in the field [23,24]. In this case, a micro cantilever with a
tip is used to sense information about the sample, including the force, roughness, and modulus of
elasticity [25,26]. Nevertheless, in atomic force microscopy (AFM), the interaction force between the tip
and the sample is obtained by detecting the deformation of the cantilever using a laser diode [27,28].

Over the last years, several works have been published related to this topic. For example, Fu et al.
described a method for determining the modulus of elasticity using a sensor made of a piezoelectric
bimorph cantilever, with a strain gauge for tactile sensing [29]. More recently, Bertke et al. described a
piezo-resistive silicon cantilever, with a phase-locked loop (PLL) system, for controlled micro-tactile
measurements based on contact resonance spectroscopy [30].

In this work, a piezoelectric PZT-based beam actuator was used as a tactile sensor in order to
determine the modulus of elasticity of different materials with the help of low-cost driving electronic
circuits. In this case, the actuator was first calibrated against a force sensor and mounted in a positioning
stage to allow the approximation and the contact of the sensor tip with a set of target materials.
Simultaneously, electrical measurements were performed using the resonator as part of a low-cost
oscillator circuit, and the modulus of elasticity of the sample was derived from the contact resonant
frequency curve of the cantilever–sample system. This method offers an effective, non-destructive and
low-cost solution for tactile sensing compared to atomic force microscopy (AFM) techniques.

2. Materials and Methods

In this section, the bimorph actuators and their out-of-plane vibration modes, measurement setups
and electronic circuits are described.

2.1. Lead Zirconate Titanate (PZT) Actuator

The PZT bimorph actuator used in this work is a low-cost and commercially available device of
15 × 1.5 × 0.6 mm3 (see Figure 1) [31]. It was initially characterized with an impedance analyzer and
a scanning laser vibrometer (Polytec MSV400) to detect the different out-of-plane vibration modes
and to obtain the main resonance parameters, resonant frequency (fr) and quality factor (Q) of each
vibration mode. Following Leissa’s nomenclature, the vibration modes were designated as 10-mode
and 20-mode according to the number of nodal lines in each direction [32].

Figure 1. (a) Micrograph of the (lead zirconate titanate) PZT actuator, (b) optically measured modal
shape (20-mode) with a laser Doppler vibrometer.

The results from impedance measurements are shown in Table 1. As it can be observed, the
measured quality factor in air is in the range of 15 to 20 for these vibration modes, this being a relatively
low value compared to other state-of-the-art resonators [33]. Nevertheless, the high conductance peak
value (ΔG) along with the low resonant frequency of the 20-mode makes it suitable for the inclusion of
the piezoelectric resonator in an oscillator circuit for a number of applications.
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Table 1. Measurement of the resonant frequency, quality factor and conductance of the free-clamped
bimorph actuator for different vibration modes with an impedance analyzer.

Vibration Mode fr [Hz] Q ΔG [μS]

10-mode 1191 15.85 0.954
20-mode 7190 20.27 20.2

Once the 20 mode was selected as the appropriate vibration mode, it was analyzed with a scanning
laser vibrometer for different excitation voltages in order to measure the maximum displacement of the
actuator versus applied voltage (see Table 2). As it can be observed, a linear relationship between the
voltage and the displacement was obtained. As expected, the maximum displacement was measured
in the resonator tip, which was used to contact the target material samples in our experiments. In order
to check the influence of the tip on the modulus-of-elasticity sensing, two PZT actuators with different
tips were employed in the measurements. In the named PZT-1 actuator, an aluminum tip was glued to
the beam, while in the PZT-2 actuator a tungsten tip was used (see Figure 2).

Table 2. Measured resonant frequency (fr) and displacement for actuators with different tips.

Device Vibration Mode fr [kHz] Voltage [V] Displacement [nm]

PZT-1 20-mode 11
0.1 38.6
0.5 180
1 350

PZT-2 20-mode 11.5
0.1 40.8
0.5 221
1 437

Figure 2. Picture of the different tips fixed to the PZT actuator. (a) PZT-1 actuator: aluminium tip;
(b) PZT-2 actuator: tungsten tip.

In the results presented in Table 1, the beam boundary condition was clamped-free. Besides,
in order to perform the elastic constant measurements, it was necessary to design a framework that
implemented the clamped condition of the cantilever at one end. This framework, in which the beam’s
end was introduced and glued with epoxy, was fabricated with a FDM (Fused Deposition Modeling)
3D printer to minimize possible vibrations. Once the bimorph actuator and tip were glued, an increase
of the resonant frequency was observed as it can be seen in Table 2, compared to Table 1 for the 20-mode.
This occurs because the effective length of the cantilever is reduced when introduced and bonded
inside the 3D-printed frame. As it can be observed, the PZT-2 actuator presents a higher displacement
per voltage applied compared to the PZT-1 actuator, as expected when the size and mass of the tip are
lower in the former.
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2.2. Measurement Setup

In order to perform the modulus of elasticity measurements and allow the approximation and
contact of the cantilever tip, a positioning stage was implemented as displayed in Figure 3. In this setup,
the 3D-printed framework was attached to a platform controlled by six stepping motors that allow
movement in any direction: three high-precision piezoelectric motors with a maximum displacement
of 20 μm and three stepper motors that allow a coarse displacement of 5 mm. The approximation of the
PZT actuator to the sample was performed with the help of the stepper motors, while the piezoelectric
motors’ high-precision positioning feedback was used for the determination of the modulus of elasticity.
In order to control the motors at the positioning stage and simultaneously obtain the resonance
parameters, a virtual instrument (VI) was designed in LabView from National Instruments [34].

Figure 3. Schematic of the setup for the modulus of elasticity measurements.

2.3. Low-Cost Electronic Circuits

In this section, the designed driving interface and oscillator circuits, for the open and closed-loop
measurements described in Section 3, are introduced.

2.3.1. Interface Circuit

Firstly, the behaviour of the resonator was tested by making open-loop measurements. These
were performed using a lock-in amplifier to excite and collect the signal from the actuator within
an interface circuit (see Figure 4) [35]. The main objective of the interface circuit is to reduce the
parasitic effects of the resonator and to obtain an appropriate resonance curve for the later closed-loop
measurements. Both, the PZT actuator and a parasitic compensating device (PZT compensation) were
used simultaneously for actuation and sensing [36].

Figure 4. Schematic of the interface circuit designed for the open-loop measurements.
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The designed interface circuit uses an instrumentation amplifier (AD8428) to subtract the
compensating device dielectric current (id) from that of the actuator (ipiezo + id), obtaining a voltage
proportional to the piezoelectric current (ipiezo), which is proportional to the vibration amplitude, at
the output of the instrumentation amplifier (Vout).

As it can be observed in Figure 4, the compensation can be accurately tuned by implementing
variable resistance (Rs) at the input of the instrumentation amplifier. The compensating device (PZT
compensation) is nominally identical to the PZT actuator, but clamped all along its length, to prevent
vibrations. Since the materials and dimensions in the compensating and actuator devices are nominally
the same, they are expected to show similar electrical behavior with respect to their parasitic effects.

2.3.2. Oscillator Circuit

Once the parasitic effects of the resonator were minimized with the previous interface circuit, we
included the actuator in an oscillator circuit scheme. The possibility of reducing the total size, cost
and power consumption of the system makes the oscillator circuit a very interesting solution for any
potential application scenario [37,38]. In addition, the reasonably good value of the admittance peak
amplitude, along with the low natural frequency of the actuator, allowed for a great flexibility and
simplicity in the design of the oscillator circuit.

In this case, the interface circuit was modified to meet the Barkhausen criterion when closing
the loop between Vout and Vin, and the lock-in amplifier was removed. In order to achieve this, a
higher gain in the instrumentation amplifier was applied, replacing the resistance that controls the gain
amplifier by a capacitor (Cf) (see Figure 4). This component acts as a low-pass filter and introduces
the gain necessary to meet the Barkhausen criterion. Furthermore, the phase shift when closing the
loop is 0◦, since the instrumentation amplifier does not introduce any phase shift. This means that the
oscillation frequency and the real resonance frequency of the actuator are equal.

Finally, when a stable oscillation is attained at the output (Vout), the frequency value can be easily
tracked by a frequency counter (Agilent 53220a). This is controlled by the same virtual instrument that
drives the positioning platform. In this case, 1000 samples were obtained in the 20 μm range of the
piezoelectric motors, with a sample rate of 0.8 s.

3. Measurements and Results

3.1. Actuator Measurements

The analysis of the different samples was performed with the previously described low-cost
electronic circuits in open and closed-loop schemes.

3.1.1. Open-Loop Measurements

Firstly, the behavior of the interface circuit (see Figure 4) was tested in an open-loop configuration
with the PZT-1 actuator. In order to perform these measurements, the platform and actuator were
moved with the virtual instrument to approach the tip and identify the contact on a sample of polylactic
acid material, commonly known as PLA (see Table 3), frequently used in 3D printing. In this case, the
lock-in amplifier performed the frequency sweep measurement during the contact approaching process.
Once the actuator was brought into contact with the PLA sample, three open-loop measurements were
completed by moving the platform between the positions 7.15 and 7.75 μm in the z-axis direction.
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Table 3. Modulus of elasticity reference values of the different materials analyzed.

Material E [GPa]

PDMS (Polydimethylsiloxane) 0.0005–0.0037 [39]
Rubber 0.001–0.1 [40]

ABS (Acrylonitrile Butadiene Styrene)
1.4–3.1 [40]

1.79–3.2 [41]
2.1 [42]

Nylon (Synthetic polymers based on polyamides) 2–4 [40]

PLA (Polylactic acid) 2.02–3.55 [43–45]
3.5 [42]

Aluminum 69 [40,46]

As it can be seen in Figure 5, a higher force or displacement leads to an increase of the resonant
frequency, indicating that the procedure is valid for the elastic-constant-sensing application. Although
these open-loop measurements were only used as a validation step, it was also checked that the phase
curve met the Barkhausen criterion for the oscillation of the resonator to start, a necessary requirement
for the later implementation of the oscillator circuit.

Figure 5. Open-loop measurements of the PZT-1 actuator in contact with PLA sample with a
displacement of 0.3 μm between measurements.

3.1.2. Closed-Loop Measurements

Once the behavior of the actuator and the measurement setup was verified, different closed-loop
measurements were performed using the previously described oscillator circuit (see Section 2.3.2).
In Table 3, the different materials are shown from lowest to highest modulus of elasticity and their
reference values: PDMS, rubber, ABS, nylon, PLA and aluminum. As it can be seen, the PDMS and
the rubber present a similar elastic constant. The same occurs for the ABS, Nylon and PLA samples.
Nevertheless, it is possible to observe differences in the resonant frequency values for both resonators
(see Figures 6 and 7).
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Figure 6. Closed-loop frequency measurements for the PZT-1 actuator.

Figure 7. Closed-loop frequency measurements for the PZT-2 actuator.

As it can be seen in Figures 6 and 7, a higher force or displacement increases the resonant frequency,
as was also verified with the open-loop measurements. In addition, the resonant frequency changes
accordingly with the modulus of elasticity of the sample, indicating that the resonant frequency could
be used as a valid parameter for the determination of the modulus of elasticity. As the results suggest,
it would be necessary to implement a force control capable of monitoring the applied force on the
sample surface. Nevertheless, in this work, an alternative solution was tested by taking as a reference
the point where the tip makes contact with the target sample, and therefore the resonant frequency
increases. This allowed us to compare the frequency measurements of different materials and also to
estimate the applied force through the actuator calibration process described in Section 3.2.

The procedure performed to obtain the modulus of elasticity of the samples can be summarized
as follows. Firstly, the resonator is excited and brought into contact with the sample with a tip-target
approaching process. After that, the resonator tip contacts the sample, the applied force is obtained
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from the position of the platform (see Section 3.2) and the resonant frequency is tracked with the
oscillator circuit and the frequency counter.

As it can be observed in the closed-loop measurements performed with the PZT-2 actuator, almost
no difference in the resonant frequency value, during the initial displacement of approximately 4 μm of
the positioning stage, is detected (see Figure 7). This is due to the fact that the frequency shift observed
during this displacement, which is similar for the different materials, may be attributed to the elasticity
of the epoxy glue used to attach the tungsten tip to the actuator. Once the initial range is exceeded,
the tip remains fixed to the actuator, being able to detect differences in its resonant frequency as the
modulus of elasticity of the tungsten tip (450 GPa) is much greater than the modulus of elasticity of the
actuator (33.3 GPa).

As it can be seen in Figures 6 and 7, a higher resonant frequency was obtained for PLA, due to its
higher elastic constant compared to ABS and nylon. In contrast, almost no differences were observed
for PDMS and rubber, due to the low modulus of elasticity of these materials compared with the
actuators and the tips. These results confirm the results of previous studies on AFM, where a high
detection sensitivity, or stiffer or flexible cantilevers, are required for testing on samples with high or
low modulus of elasticity, respectively [47].

3.2. Actuator and Force Sensor Calibration

The main objective of this work was to demonstrate a simple method to obtain the modulus of
elasticity of different materials, applying it to those typically used in 3D printing technology. For this
reason, it is necessary to perform two different approaches in order to correlate the contact resonant
frequency of the actuator with the applied force on the surface material, and its elastic properties.

Firstly, the stiffness constant (K) of the PZT-2 actuator was measured, since this parameter is
required for the determination of the modulus of elasticity (see Section 3.3). In this case, a commercial
force sensor (see Figure 8) [48] allowed us to obtain a linear relationship between its output voltage
and the force applied by the piezoelectric beam when the positioning stage was shifted (see Figure 9).
According to the datasheet of the force sensor, this presents a sensitivity of 7.2 mV/V/N; since the force
sensor is biased with a voltage of 10 V, we obtain a conversion factor of 72 mV/N. With this conversion
factor we can finally obtain the stiffness constant (K) of the actuator. An average value of K, and the
deviation obtained with five different measurements, leads to 1565 ± 138 N/m, similar to the value of
1520 N/m reported in the datasheet.

Figure 8. Calibration of the PZT-2 actuator with a force sensor.
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Figure 9. Calibration of the stiffness constant for the PZT-2 actuator with the force sensor.

Once the stiffness contact is known, it is necessary to obtain the force applied by the actuator
when the tip makes contact with the material to be analyzed. To do this, the actuator is excited with
the electronics and brought into contact with the force sensor. In this case, when the resonance curve
changes, indicating that the actuator has made contact with the sample, the position of the platform is
taken as a reference. This approach allows us to estimate the force applied by the actuator over the
sample just by sampling the position of the platform.

3.3. Modulus of Elasticity Sensing

In this section, the performance of the tactile sensor for the determination of the modulus of
elasticity is carefully examined. Once the calibration of the PZT-2 actuator was performed, the modulus
of elasticity of the different materials were obtained using the Hertz contact theory [49,50], following a
procedure previously reported [29].

In a first step, the modulus of elasticity of the PZT-2 actuator (E) and the moment of inertia (I)
were calculated through Equations (1) and (2).

E =
4Kl3

wt3 (1)

I =
wt3

12
(2)

where K is the stiffness constant previously obtained, with a value of 1565 N/m. In this case, the length
of the cantilever beam is shorter due to the anchoring to the 3D-printed framework, being now of
length (l) 12 mm, width (w) 1.5 mm and thickness (t) 0.6 mm. Using this data, we could obtain a
modulus of elasticity (E) for the PZT actuator of 33.3 GPa.

In order to estimate the modulus of elasticity of the samples (Es in Equation (5)), it is necessary to
first calculate the constants Cc and kt defined in Equations (3) and (4). Once the modulus of elasticity of
the actuator was known, and taking into account that the density of the PZT actuator (ρ) is 7500 kg/m3,
it was possible to estimate the constant Cc, obtaining a value of 0.0498 s1/2 (see Equation (3)).

The value of the constant Cc presents different error sources, such as the dimensions and properties
of the cantilever. In order to reduce the final error, the constant Cc was calibrated through the following
process. In this case, four different positions of the platform (7, 11, 15 and 18 μm) and the corresponding
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values of resonant frequency, force and modulus of elasticity for the ABS, nylon and PLA, were taken
references in Equations (4) and (5) (see Table 4).
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√
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√
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Table 4. Materials analysed with the PZT-2 actuator and their reference values published in the literature.

Material
Position

[μm]
Force
[mN]

Frequency
[Hz]

Es-Estimated

[GPa]
Es-Reference

[GPa]

ABS

7 10 12,465

2.73 ± 0.129

1.4–3.1 [40]
11 17.5 13,038 1.79–3.2 [41]
15 24 13,302 2.1 [42]

18 30 13,430 2.03 [51]
1.15–1.96 [52]

Nylon

7 10 12,474

2.79 ± 0.077 2–4 [40]11 17.5 13,040
15 24 13,364
18 30 13,528

PLA

7 10 12,828

3.5 ± 0.022

2.02–3.55
[43–45]11 17.5 13,381

15 24 13,778 3.5 [42]
18 30 14,034

In Equations (4) and (5), Et represents the modulus of elasticity of the tungsten tip with a value
of 450 GPa, Es is the modulus of elasticity of the measured sample, R is the radius of the tip with a
value of 10 μm, υs is the Poisson’s coefficient with a value of 0.35, kt is the tip stiffness constant, K is
the cantilever stiffness constant, fr is the contact measured resonant frequency and F is the applied
force. With all these data, and using Equations (4) and (5), it was possible to calibrate the constant Cc

obtaining a new value of 0.0458 s1/2. Once this constant Cc is known, the PZT actuator can be used to
estimate the modulus of elasticity of different materials. Table 4 displays a summary with the estimated
and reference values for the modulus of elasticity.

4. Discussion

In this work, the modulus of elasticity, or Young’s modulus, of different materials was derived
using a PZT actuator, a low-cost oscillator circuit and a positioning stage. Other previous publications
suggest it is necessary to implement a force control or gauge deformation capable of monitoring
the applied force and deformation of the actuator [27,29]. Nevertheless, in this work, an alternative
solution was tested, by taking the point where the PZT actuator tip makes contact with the sample,
and therefore the resonant frequency increases, as a reference, allowing us to compare the frequency
measurements of different materials and also to estimate the applied force.

Another advantage of this work is that the designed setup, positioning stage and electronics could
be easily applied to different actuators with out-of-plane vibration modes. In this case it would only
be necessary to design a new 3D-printed framework to fix the actuator and to calibrate the actuator
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against the force sensor to obtain its stiffness constant. This approach would also make it possible to
extend the application to different actuators, in order to analyze materials with different modulus of
elasticity. Also noteworthy is the novelty of the electronics circuits implemented in this work, making
it possible to reduce parasitic effects and to obtain an appropriate resonance curve for the oscillation of
the piezoelectric actuator.

The procedure implemented to obtain the modulus of elasticity of the samples can be summarized
as follows. First, the actuator, with a tip attached to its end, is excited near resonance and brought into
contact with the sample while the resonance is assessed. Once the resonance curve indicates that the
tip contacts the sample, the position of the platform is taken, and the resonant frequency is tracked
with the oscillator circuit and the frequency counter.

As indicated in previous studies on AFM, to get a high detection sensitivity, stiff or flexible
actuators are required for testing on samples with a high or low modulus of elasticity, respectively [47].
This fact was also observed in our results. For example, a higher resonant frequency was obtained
for the PLA due to its higher elastic constant. On the contrary, almost no differences were observed
for the PDMS and rubber due to the low modulus of elasticity of these materials compared with the
PZT actuator.

In this work, the modulus of elasticity was obtained through the Hertz contact theory, obtaining a
resolution, through the measured frequency values for different positions of the platform, of 0.129
GPa in the worst case. As it can be observed in Table 4, the estimated modulus of elasticity is in the
range of the reference values published in previous work [40–45,51,52]. Nevertheless, the deviation
of the modulus of elasticity for the ABS may be higher if compared with the average of published
reference values. There are several reasons that could explain this behavior. The reference values
cannot be fairly compared with our estimated values since the method developed in our work is based
on a dynamic procedure limited to a reduced area and deformation, and not to the whole sample [53].
This conclusion has also been observed in other works where large deviations were obtained in the
estimation of the modulus of elasticity between the ABS filament itself and the 3D-printed sample [42],
where the data obtained from tensile tests of the filaments were also only qualitatively consistent
with those provided by the manufacturer. Another reason behind the deviations with the reference
values is the lack of standard test methods for the determination of the mechanical properties of parts
manufactured using FDM. For example, the standards ASTM D638 [54] and D790 [53] may be applied
for testing tensile and flexural specimens, respectively [43].

Although one of the goals of this work was to estimate the Young’s modulus of the different
samples, further investigation could be necessary to check the deviation with different measurement
methods, and the viability of the piezoelectric actuator with different materials and setup.

5. Conclusions

In conclusion, a PZT bimorph actuator was tested for the determination of the modulus of elasticity,
using low-cost electronic circuits based on an interface and oscillator circuit, and obtaining an accurate
performance. For this reason, the PZT actuator along with the positioning stage can be considered an
effective and non-destructive solution for the determination of the modulus of elasticity and sample
characterization. In this case, the estimates of the modulus of elasticity of ABS, nylon and PLA were
in the range of the reference values published in previous works, and a resolution of 0.129 GPa was
obtained in the worst case. Furthermore, sample information such as the position, orientation, and
surface topography could also be obtained by adding scanning functionality to the testing platform.
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