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Abstract Nature has provided the inspiration for
many robots, leading to the development of biomimetic
machines based on stick insects, jellyfish, butterflies,
lobsters, and inchworms. Some carnivorous plants are
capable of rapid motion, including mimosa, Venus fly-
traps, telegraph plants, sundews, and bladderworts, all of
which are of interest in the design of biomimetic robots
that can be activated in a controlled manner to capture
prey using trigger hairs. Here, we describe a biomimetic
robotic inspired by a Venus flytrap and fabricated using
two ionic polymer metal composite (IPMC) actuators.
First, we describe the structure of the robotic flytrap,
which consists of two IPMC lobes and a proximity sen-
sor, and discuss the design of the control circuitry. We
then evaluate the deformation and bending force of the
IPMC actuator with various applied signal voltages. We
describe a prototype robotic flytrap utilising a proxim-
ity sensor to imitate the trigger hairs of the Venus flytrap.
We conducted an experiment to assess the feasibility of
the biomimetic flytrap. To evaluate grasping ability, we
measured the maximum grasping payload with different
applied voltages. To enlarge the working area, we inte-
grated biomimetic walking and rotating motion into the
robotic Venus flytrap. This paper describes a prototype
movable robotic Venus flytrap and evaluates its walking
and rotating speeds.
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1 Introduction

Over the course of evolutionary history, diverse locomo-
tive strategies have emerged in nature: swimming, rowing,
flapping, floating, and sinking motions in water; crawling,
walking, climbing, jumping, and rolling motions on land;
and flying, gliding, and wafting motions in air. Further-
more, assisting actions such as sucking, clasping, ejecting,
and grasping, are often employed to improve the efficiency
of these locomotive strategies (Behkam and Sitti 2006; Yim
et al. 2007; Shi et al. 2011, 2012; Zhang et al. 2006). The
abundant structures in nature have inspired the design of
biomimetic robots; however, the structure of conventional
electromagnetic motors is not straightforward to miniatur-
ise, and complex shapes are not easy to implement. Electric
motors are therefore rarely used in such applications, and
more novel actuator materials are more commonly used
(Behkam and Sitti 2006; Liu et al. 2010). A variety of smart
materials have been investigated for use as artificial mus-
cles in biomimetic robots, including ionic polymer metal
composites (IPMCs), piezoelectric elements, pneumatic
actuators, and shape memory alloys (Heo et al. 2007; Wang
et al. 2008; Villanueva et al. 2010, 2011; Chu et al. 2012;
Kim et al. 2005).

Some carnivorous plants are capable of rapid move-
ment, which is commonly exploited to trap invertebrates,
small frogs, or mammals. The Venus flytrap lures prey via
a sweet nectar. Once the prey moves trigger hairs, an action
potential is generated, which propagates across a pair of
lobes, stimulating it to implement rapid closing of the trap.

In summer months, many flying insects can act as vec-
tors for malaria, dengue, West Nile virus, yellow fever,
encephalitis, and other infectious diseases. A robotic flytrap
could potentially be used to control the number of flying
insects. Shahinpoor et al. developed a robotic Venus flytrap
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using two IPMC lobes and four IPMC bristles (Shahinpoor
2011), but the output of the IPMC bristles used as trigger
hairs was weak and unstable. Furthermore, the bending of
the bristles was limited to two directions, which may fail to
detect the presence of a fly when it pushes the bristles in an
insensitive direction. Moreover, their robotic Venus flytrap
was fixed, which may limit its applications.

In this work, we used IPMC as an actuator material to
develop a robotic flytrap. We used a short-range proxim-
ity sensor to detect a fly or other moving object between
the two IPMC lobes, and measured the maximum grasp-
ing payload with different applied voltages to evaluate its
grasping ability. To enlarge the working area, we integrated
biomimetic walking and rotating motion into the robotic
Venus flytrap. We developed a prototype motile robotic
Venus flytrap, and evaluated its walking and rotating
speeds. The robotic flytrap performed well, mimicking the
behaviour of the Venus flytrap found in nature, which dem-
onstrates its potential for outdoor applications in capturing
flies. We applied three lobes and three proximity sensors to
improve the structure to reduce the gaps. The resulting pro-
totype robotic flytrap was shown to be feasible in detecting
and grasping flying insects and was driven using a low volt-
age, making it both electrically safe and economical and
demonstrating its potential for applications such as toys or
use in aquaria.

The remainder of this paper is divided into six parts.
First, we describe the structure of the robotic flytrap. Sec-
ond, we describe the deflection and bending force of the
IPMC actuators. Third, we discuss the design of the robotic
flytrap and the development of a prototype body, together
with a series of experiments to evaluate the detection sta-
bility and trapping ability. Fourth, we describe the movable
structure of the robotic flytrap and evaluate its walking and
rotating ability. Fifth, we discuss an improved body struc-
ture of the robotic flytrap using three lobes. Finally, we pre-
sent our conclusions.

2 The robotic Venus flytrap
2.1 Body structure

The Venus flytrap is one of a small group of plants that is
capable of rapid movement. It consists of two lobes and
several trigger hairs, as shown in Fig. 1. When the trig-
ger hairs are stimulated, an action potential is generated,
and the two lobes are stimulated to close quickly (http://
en.wikipedia.org/wiki/Venus_Flytrap). Here, we propose a
biomimetic robotic flytrap, as shown in Fig. 2. It uses two
IPMC actuators to form a pair of lobes. The dimensions
of the IPMC actuators were 24 x 18 x 0.22 mm?>, and the
chamfer radius was 8 mm. The separation between the two
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Fig. 1 A Venus flytrap (http://en.wikipedia.org/wiki/Venus_Flytrap)
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Fig. 2 Structure of the proposed robotic Venus flytrap

IPMC lobes was adjustable. We used an infrared proximity
sensor to imitate the trigger hairs of the Venus flytrap, and
calibrated the sensor to determine the distance between the
sensor and the fly. The infrared proximity sensors used here
were 10 mm long and 5 mm wide, with a mass of 0.7 g.
The angle measurement for the proximity sensor ranged
from —30° to 30°, which was sufficient to monitor the
region between the two IPMC lobes.
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Fig. 3 Control circuit used for
the robotic flytrap

2.2 Control circuitry

Figure 3 shows the control circuit of the robotic flytrap.
We used an AVR microcontroller as the control centre,
with two electric relays to control the signal voltages of the
IPMC lobes. The measurement range for one sensor was
0-60 mm, and the output voltage ranged from 150 mV to
5V (Guo et al. 2012).

We calibrated the proximity sensor to determine the sep-
aration between the sensor and the fly. When the distance
separation changed from 60 to 25 mm, the output voltage
increased slowly from O to 0.2 V; when the separation was
less than 25 mm, the output voltage increased rapidly. Based
on these calibration results, we set the threshold voltage to
obtain a threshold separation between the sensor and the fly
corresponding to the space between the two lobes.

3 Analysis of the IPMC actuator

The IPMC actuator was formed of an ionic polymer mem-
brane plated with gold electrodes on both sides (Shi et al.
2013). When a voltage is applied across the membrane,
bending deformation of the IPMC actuator occurs, which
results from a redistribution of the internal water molecules
(Shi et al. 2012). IPMC exhibits a rapid response time, a

VCCs5V

GND

Proximity Sensor

Robotic Flytrap

Control Circuit

large bending deformation, and is compact, lightweight,
and soft; furthermore, it requires low driving power, is low-
noise, and can have a long service life (Park et al. 2007;
Kim et al. 2011; Feng and Liu 2014). Wei and Su 2012 Due
to these characteristics, IPMC actuators have been widely
used in soft robotic structures, including artificial muscles,
as well as in dynamic sensors (Kim et al. 2005; Shahinpoor
2011; Jain et al. 2011; Lee et al. 2007; Brunetto et al. 2008;
Yeom and Oh 2009).

We used 220-um-thick Nafion™ 117 films, with Au thin
films deposited on either side. These IPMC actuators can
be considered as equivalent cantilever beams (Lin et al.
2014; He et al. 2011; Zhou et al. 2013). To investigate the
bending performance, we clamped one end of the IPMC
membrane, applied a voltage across the membrane, and
measured the deflection of the free end in a water tank as a
function of the applied voltage signal (Shi et al. 2013a). We
found that the displacement of the tip decreased as the fre-
quency of the voltage signal increased. We also measured
the bending force generated at the free end of the equiva-
lent cantilever with different applied voltage signals. The
sample IPMC actuator was 24 mm long, 18 mm wide, and
220 pm thick (the same dimensions as the lobes of the bio-
mimetic flytrap). A signal was created using a PC equipped
with a digital-to-analogue converter card, and the bend-
ing force of the IPMC was measured using an electronic
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Fig. 4 Experimental system used to evaluate the bending force of the
biomimetic actuators
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Fig. 5 Bending force of the IPMC actuator
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Fig. 6 Bending force of the IPMC actuator with various displace-
ments
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balance, as shown in Fig. 4. Figure 5 shows the measured
bending force at the tip as a function of the applied voltage.
To reduce the torque on the electronic balance, we used a
perpendicular fixed needle to transfer the force from the
actuator to the electronic balance. To eliminate the pretight-
ening force between the IPMC and the needle, we set the
initial distance between the IPMC and the needle tip to
3.5 mm. The results revealed that the bending force at the
tip increased as the applied voltage increased: the maxi-
mum force was 45 mN with a voltage of 7 V.

The bending force of the IPMC actuator was also deter-
mined by the tip displacement. We measured the bending
forces at the free end of the actuator with various initial
distances between the IPMC and the tip of the needle, as
shown in Fig. 6. The bending force of the IPMC actuator
decreased when the tip displacement increased.

4 Prototype robotic flytrap
4.1 Prototype

Figure 7 shows the prototype robotic flytrap, which con-
sisted of two IPMC lobes and an infrared sensor. It was
45 mm long, 40 mm wide, and 32 mm high, and weighed
6.252 g. The IPMC actuators were attached using cop-
per clips, which also functioned as electrodes (Shi et al.
2012, 2013). The separation between the two IPMC lobes
was 10 mm, and the control signals were transmitted via
enamel-coated wires from the control circuit.

Fig. 7 The prototype robotic flytrap
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Fig. 8 Closing motion without
the sensor: a initial state and b
maximum closing deformation

Fig. 9 Closing motion with a
single proximity sensor: a initial
state, b with a stick inserted, ¢
with the stick detected, d with
the stick withdrawn, e the lobes
beginning to return, and f the
final state

4.2 Grasping experiments Venus flytrap). Figure 9 shows the closing motion using

the proximity sensor to detect a moving stick. Initially, the
Figure 8 shows the closing motion, which was investigated  two IPMC lobes were maintained open while no object was
to evaluate the maximum closing deformation of the two  present between the two lobes. When the plastic stick was
IPMC lobes (this is the motion that mimics the lobes of the =~ moved close to the proximity sensor, the two IPMC lobes
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Fig. 10 Grasping ability meas-
urements: a left view, b front
view, and ¢ grasping
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Fig. 11 Results of the grasping experiments

bent toward each other. When we moved the plastic stick
away from the sensor, the two lobes opened.

4.3 Grasping ability

We conducted experiments to evaluate the grasping ability
of the robot flytrap. Figure 10a and b show the fixed clamp
used with the two IPMC lobes. The separation between the
two lobes was 10 mm, and a rubber handle was used as the
grasping part of a small basket, which was used to maintain
a constant tip displacement between the two IPMC lobes.
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Fig. 12 The proposed structure of a movable robotic Venus flytrap

The static coefficient of friction p; between the IPMC and
rubber handle was constant. Initially, the two IPMC lobes
grasped the rubber handle of the small basket. More mass
was then placed into the basket to gradually increase the
payload. When the friction between the handle and the
lobes was no longer able to support the payload, the small
basket dropped. Figure 10c shows the grasping experiment.

We measured the maximum grasping payload with vari-
ous applied voltages, as shown in Fig. 11. With a constant
bending deformation, the grasping payload increased as the
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voltage increased, exhibiting a similar trend to the results
of the bending force measurements. The robotic flytrap
was able to support a maximum payload of 36 mN with an
applied voltage of 7 V.

5 Movable robotic flytrap
5.1 Structure

To enlarge the working area and reduce the number of
required robotic flytraps, we added eight biomimetic IPMC
legs to implement walking and rotating motion, as shown
in Fig. 12. The eight actuators were all 14 mm long, 3 mm
wide, and 220 pm thick. The total size of the microrobot
was 33 mm in length, 58 mm in width, and 30 mm in height.

5.2 Walking and rotating mechanism

Figure 12 shows the distribution of the eight legs. The outer
four vertical legs were used to drive the robot, and the inner
four horizontal legs functioned as supporting members. The
supporting legs bent downward to lift the body up, and the
driving legs bent forward to generate a step. When the sup-
porting legs bent upward, the driving legs then bent back-
ward to move the body. The driving and supporting legs
were driven at the same frequency, and the phase of the sup-
porting legs lagged that of the driving legs by 90° (Shi et al.
2011). Figure 13 shows a single cycle of walking forward. By
changing the bending direction of four driving legs between
the two sides, the robotic Venus flytrap could walk forward or
backward, as well as rotate clockwise and counter-clockwise.

6 Experiments

6.1 Prototype movable robotic flytrap

Figure 14 shows the prototype movable robotic fly-
trap. It was 33 mm long, 58 mm wide, and 30 mm high,

and weighed 8.1 g. The IPMC actuator lobes measured
24 x 18 x 0.22 mm?>, the IPMC actuator legs measured

24 x 3 x 0.22 mm?, and the separation between the two
IPMC lobes was 10 mm.

6.2 Walking and rotational motion

To evaluate walking locomotion, we carried out an experi-
ment on an underwater plastic surface. We recorded the
time to walk a distance of 100 mm using different applied
signal frequencies with a voltage of 8 V. The experiment
was repeated five times for each set of control signals to
determine the average speed on the flat surface. Figure 15
shows that the walking speed was approximately propor-
tional to the input voltage, and a top speed of 15 mm/s was
obtained with a driving frequency of 3 Hz.

We also investigated the rotational motion on the same
underwater plastic surface. We recorded the time to rotate
through 90° with different frequency signals, and calcu-
lated the average angular velocity for five repetitions of the
same experiment. Figure 16 shows that the angular velocity
was approximately proportional to the input voltage, and a
maximum rotational speed of 20.3°/s was obtained with a
voltage of 8 V and a frequency of 3 Hz.

Fig. 14 The prototype movable robotic Venus flytrap

Fig. 13 A single cycle of walking forward. Dots indicate which legs were in contact the ground
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Fig. 16 Measured angular velocity during rotation

Fig. 17 Hybrid motion: a walk-
ing, b rotation, ¢ walking, and d
grasping
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Figure 17 shows the hybrid motion of the robotic Venus
flytrap. First, it walked forward to the desired location;
second, it rotated by 45°; third, it walked forward again to
reach the working area; finally, the two IPMC lobes were
bent in a grasping motion.

7 Improvements

We identified a number of areas for improvements to the
prototype robotic flytrap. It was not straightforward to
completely close the two lobes without gaps using a low
voltage. We modified the robotic flytrap to improve the
closing action, as shown in Fig. 18. We used three lobes
to reduce the gaps. Furthermore, we used three proximity
sensors to detect the location of the target (i.e., a fly) in the
entire inner space of the lobes. We found that using three
proximity sensors allowed more sensitivity than a single
sensor.

Using this improved structure, we developed a prototype
robotic flytrap with three IPMC lobes, as shown in Fig. 19,
whereby the separation between lobes could be adjusted.
This structure opened and closed like a flower, and could
be carried by a walking microrobot to extend the working
area. The resulting prototype robotic flytrap exhibited good
performance, with potential applications as a toy or for use
in an aquarium.
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Fig. 18 Modified structure of
the robotic flytrap
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Fig. 19 Modified prototype robotic flytrap

8 Conclusions

We have described the design and development of a biomi-
metic robotic flytrap that was inspired by the Venus flytrap.
The flytrap action was achieved using two ionic polymer
metal composite (IPMC) actuators. First, we developed the
structure of the robotic flytrap, and designed the control
circuitry. We then evaluated the deformation and bending
force generated by the IPMC lobes with various applied
voltages. We developed a prototype robotic flytrap, and

carried out experiments using a single proximity sensor to
imitate the trigger hairs of the Venus flytrap. To evaluate
its grasping ability, we measured the maximum payloads
that could be supported with various applied voltages: the
robotic flytrap could hold a maximum payload of 36 mN
with a voltage of 7 V.

To enlarge the working area, we integrated biomimetic
walking and rotating motions, which we implemented
using IPMC legs, to develop a prototype movable robotic
flytrap, and evaluated its walking and rotational speeds.
Finally, we improved the design of the robotic flytrap by
using three IPMC lobes to eliminate the gaps between the
lobes. Three proximity sensors were used to detect the
location of the target.

As part of future work, the robotic flytrap could be car-
ried by a larger robot, as described in our previous works,
with potential applications in aquaria.
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