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Abstract: Origami structures are highly demanded for engineering applications. Using origami
folding to design and actuate mechanisms and machines offers attractive opportunities. In this
paper, we design a crawling robot driven by pneumatic foldable actuators (PFAs) based on Miura-ori,
according to the parallel foldable structure and different control patterns, which can perform different
movements. The PFA inspired from Miura-ori is composed of a folding part, transition part, and
sealing part, made by flexible materials and a paper skeleton. This actuator can obtain a large
deformation by folding under negative pressure due to its own characteristics, and the relationship
between deformation and pressure is analyzed. According to the different folding and unfolding
times of left and right actuators, the crawling robot can perform both linear and turning movements.
The speed of the robot is about 5 mm/s and it can turn at a speed of about 15°/s. The crawling
robot uses the ability of the foldable structure to cope with the challenges of different environments
and tasks.

Keywords: Miura-ori; crawling robot; foldable actuator; linear and turning movements

1. Introduction

Compared with rigid robots, soft robots are made of intrinsically soft and/or extensible materials
that can deform and absorb much of the energy arising from collisions [1]. Soft robots have great
potential in detecting; they can change their shape actively [2] or passively [3] to enter confined spaces.

In recent years, the form and movement modes of soft robots have obtained inspiration from
soft animals such as earthworms [4,5], caterpillars [6], snakes [7,8], and octopuses [9-11]. A soft robot
usually can complete movements such crawling [12-16], rotating [6], swimming [8,17], jumping [18],
and climbing [13,19] by functional structure designs and periodic controls.

Origami structures have many applications in robot designs [20]. Using origami folding to
construct and actuate mechanisms and machines offers attractive opportunities from small, scalable,
and cheap robots to deployable adaptive structures [21]. Based on the Kresling origami structure,
Pagano et al. designed a crawling robot that performs both linear and turning movements [21]. Jeong
et al. designed a cable-driven three-finger robot based on the twisted tower origami structure, which
has the potential to grab fragile items [22]. Fang et al. designed an earthworm-like robot based on
an origami ball that could achieve effective locomotion [23]. Lee et al. proposed a novel design for a
variable-diameter wheel based on the spherical waterbomb tessellated pattern [24]. Martinez et al.
designed an elongation actuator with paper folded into a bellows-like pattern [25].

In this article, first, we design pneumatic foldable actuators (PFAs) based on Miura-ori. Then, we
design a crawling soft robot driven by the PFAs. This robot consists of the PFAs, front feet, and rear
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feet, most of which are made of flexible materials and a small part made by printing paper. According
to the parallel structure and different control patterns, this robot can perform both linear and turning
movements. Because of its turning motion ability, it can avoid obstacles. Due to its soft structure, it has
the potential to be applied to a complex and varied natural environment.

2. Inspiration from Miura-Ori

Miura folding is a folding technique invented by Kogyo Miura [26]. The Miura fold pattern gives
paper interesting mechanical and material properties. For example, Miura folding gives seemingly
unremarkable paper greater stiffness, compressibility, and contractile ability, known as a negative
Poisson ratio [27]. Miura folding is considered shape-memory origami because the sheet can easily be
re-folded and returned to its compact shape after unfolding [28]. Miura folding also has the potential
to give materials new properties [27,29,30].

Figure 1a shows a Miura-ori pattern; the red lines represent “mountain” creases that remain on
the top after folding. The blue lines represent “valley” creases that remain on the bottom after folding.
Figure 1b shows the corresponding folded state. The Miura-ori pattern is a periodic structure; its unit
consists of four parallelograms, and the parameters are shown in Figure 1c. In each parallelogram, the
short side of the length is a, the long side of the length is b, the acute angle is 3 € [0°, 90°], the and
projection angle between two ridges is 6 € [0°, 23]. The projection angle 6 can be used to characterize
the folding of the unit cell of Miura-ori, with 8 = 23 for the planar state and 0 = 0° for the completely
collapsed state [27,30].
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Figure 1. Illustration of Miura-ori. (a) A Miura-ori in its planner state; red lines represent “mountain’
creases, the blue lines represent “valley” creases. (b) Miura-ori in its folded state; the red lines are
on the top, and the blue lines are on the bottom, four vertices in the z direction, four vertices in the y
direction. (c) A unit cell of Miura-ori; 1 and «2 are two dihedral angles. In each parallelogram, the
length of the short side is a and that of the long side is b, with an acute angle of 3. The projected angle
between the two ridges is 6. The size of the unit cell is H, W, and L in the x, y, and z directions.

2.1. Design of the Pneumatic Foldable Actuator

The PFA is composed of a foldable part, transition part, paper skeleton, and sealing part (Figure 2a).
The foldable part is composed of two Miura-ori units combined up and down made by silicone, just
like part of the Miura-ori tube, and paper skeletons are glued to the silicone skin. Transition parts
are added at the front and rear ends of the foldable part. Sealing parts are glued on the top of the
transition part to ensure airtightness of the PFA, and it can be made into different shapes according to
different requirements.
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Figure 2. The Pneumatic foldable actuator(PFA). (a) The PFA is composed of a sealing part, transition
part, and folding part; (b) In the folding process of the foldable part, the cross-section of the foldable
part parallel to the y-z plane will change from a square to a parallelogram; (c) Deformation of the PFA
under different states: the initial state of the PFA (P4 = 0); the folding state, the PFA reduces its length
under negative pressure (P4 < 0); the inflation state, the PFA extends its length under positive pressure
(P A > 0).

The design parameters of the foldable part and transition part are summarized and shown in
Table 1; parameters not listed can be obtained by calculation [27,30]. P4 is the pressure of the PFA.
Moreover, the foldable part is in the process of folding; «, will change, and the cross-section of
the foldable part parallel to the x-y plane will change from a square to a parallelogram (Figure 2b).
However, the shape of the sealing part is not changed and will hinder the deformation in the folding
process of the foldable part. The transition part between the foldable part and sealing part can reduce
the obstruction produced by the sealing part while folding.

Table 1. The Parameters of the Pneumatic Foldable Actuator.

Parameters Value

10 mm
10 mm
60°
90°
90°
7.07 mm
14.14 mm

—2 o] ™

The PFA has two different states under negative pressure and positive pressure. The folding state
of the PFA under negative pressure is shown in Figure 2c. It can reduce its length along the z-direction
by folding due to the characteristics of the foldable part based on Miura-ori. Figure 2c also shows the
inflation state of the PFA under the positive pressure; the PFA can extend its length due to material
properties of the transition part along the z-direction.

2.2. Theoretical Modeling of the PFA

We present theoretical modeling of the PFA. As mentioned before, the PFA can achieve linear
motion along the z-direction under different air pressure. A static analysis is established to understand
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the relation between the P4 and corresponding deformation based on Miura-ori tubes. According to
the equations of Miura-ori [27,30]:

I = 2bsin(6/2)
cos f3

W= 2acos(ﬁ/2) )

h — a/sin2 B—sin2(6/2)

cos(6/2)

0, w, h can be calculated as:
6 = arcsin(l/2b)
__ 4abcosp
T Napp 2)
ho— V4b2sin2p-12
T Napp
As shown in Figure 3, the parameters of the PFA are Ly, I, t,, 54, A14, 0024, 0 Wwhen P4 = 0 kPa, and
the parameters of deformable the PFA are Ly, Iy, tp, sp, a1p, a2p, O when the P4 # 0 kPa.
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Figure 3. The parameters of the PFA when the P4 = 0 kPa; the parameters of the PFA are L,, I, tg, sa,
a1,, a2y, 04, and the parameters of the deformable PFA are Ly, I, ty, sp, a1y, a2y, O when the P4 # 0 kPa.

To simplify these calculations, some assumptions have been used. Firstly, through the deformation
process of the PFA, the stiffness of the PFA is constant, and the parallelogram faces of the paper
skeleton are unchanged. Further, the deformation of the PFA along the z-direction is only caused by
the unfolding of the fold part and s, = sy, t, = t; the cavity volume of the transition part is unchanged.
Finally, the work done by the air is completely converted into the deformation of the foldable part.

Using these assumptions, the external work, W is a function of applied force F and displacement
AL from the initial state of the foldable part of the PFA [31]:

W = FAL (3)
In the deformation process, the work done by the foldable part of the PFA, WF, is:

AL = ALlp = Ly-L, = I, -1,
Fo = SpPy = Pawahy 4)
W = PAwuha(lb_la)

where AL is the length change of the PFA; AL is the length change of the foldable part of the PFA; Fy4,
the force of the PFA under Pj4.
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The cavity volume of the foldable part of the PFA, Vr can be calculated as:
Vi = wphyly — wahala ®)

From the conservation of energy, the work done by the P4 converted into the work done by the
foldable part of the PFA can be written as:

PodVy = dWr (6)

According to Equation (2), Equation (4), and Equation (6), P4 and I, can be calculated using the
following equation:
dW,
Py = v = fly)
Iy = f1(Pa)
Therefore, the length change of the PFA is the relation between the pressure of the PFA and the
corresponding deformation, written as:

@)

AL = ALy = ly—1, = fY(Pa)—1, ®)

2.3. Design of the Crawling Robot Composed of the Two PFAs

Using the mentioned features of the PFA, we designed a crawling robot that consists of the two
PFAs based on Miura-ori, which can perform both linear and turning movements, according to the
parallel structure and different control patterns.

The crawling soft robot is composed of two independent PFAs, the left PFA and right PFA
(Figure 4a). The right PFA and left PFA are controlled by two independent air supplies. The sealing
parts of the right and left PFAs are designed as front feet and rear feet (Figure 4b). Due to the functional
structures of the front and rear feet, the friction forces of the front feet and rear feet are different in the
folding process and unfolding process of the PFAs. The parameters are shown in Table 2.
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Figure 4. (a) The crawling soft robot is composed of the two independent PFAs, the left PFA and right
PFA. (b) The sealing part is designed as feet from the left view.

Table 2. The Parameters of the Crawling robot.

Parameters Value
The length of the crawling robot / (mm) 32
The width of the crawling robot d (mm) 31
The height of the crawling robot e (mm) 20

The thickness of the front and rear feet f (mm)
The width of the front and rear feet ¢ (mm)
The height of the front and rear feet & (mm)

B W
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2.4. The Movement Patterns

By controlling the air pressure changes of the two independent PFAs, the crawling soft robot can
not only move forward but also turn left and right. The different movement patterns depend on the
different folding sequences. Because of the functional structure of the front and rear feet, in the process
of the folding state and unfolding state, the state between the friction force of the front feet and rear
feet is different. The atmospheric pressure is Pp, the left PFA pressure is Py, and the right PFA pressure
is Pr. The required negative pressure is Py. The required positive pressure is Pp.

The linear movement pattern: The crawling soft robot can move forward when the two actuators
fold simultaneously. Figure 5 is the schematic diagram of the linear movement pattern in an ideal
situation. There are five modes in a linear movement cycle. State A shows the original position of the
crawling robot, Pr = Pp = Pp. State B shows the folding process of the left and right PFA; the friction
force of the front feet is larger than that of the rear feet, and the rear feet move forward with the folding
of the PFA until Pr = P; =Py < Pp. State D is the unfolding process of the left and right PFA; the
friction force of the rear feet is larger than that of the front feet, and the rear feet move forward with the
unfolding of the PFA until pressure Pg = P; < Pg < Pp. State E shows the final position of the crawling
robot, Pr = P| = Pp. The forward moving distance is X in one linear movement cycle.

Forward
Moving
I I Distance X

Figure 5. The schematic diagram of the linear movement pattern from the top view. (A) The original
state; (B) The folding process of the left and right PFAs; (C) The folded state; (D) The unfolding process
of the left and right PFAs; (E) The unfolded state.

The turning movement pattern. The crawling robot makes a turning movement because of the
different elongation of the two actuators. To make the most efficient turning movement, one actuator
is in the folded state, the other switches its state between folded and unfolded during the turning
movement process. There are five modes in a turning movement cycle. Figure 6 is the schematic
diagram of the left-turning movement pattern in an ideal situation. State A and State B are the folding
processes of the left and right PFAs, state C is the unfolding process of the right PFA; the friction force
of the rear feet is larger than that of the front feet on the right side of the crawling robot. While Py= Py
< Pg = Pp, the front feet deflect toward the lower frictional side and make a right turning movement.
State D is the folding process of the right PFA; the friction force of the front feet is larger than that of
the rear feet on the right side of the crawling robot. While Py = Py = Py, the rear feet deflect toward
the lower frictional side and make a left turning movement. From state B to state E, the crawling robot
makes a turning angle of y. In general, if there is a pressure difference between P} and Py, the crawling
robot can turn right either. The angle of turning is related to the magnitude of the pressure difference.

\
1 \
A B C D E

Figure 6. The schematic diagram of the left-turning movement pattern from the top view. (A) The
folded state of the left and right PFA; (B) The unfolding process of the right PFA; (C) The unfolded
state of the right PFA; (D) The folding process of the right PFA; (E) The folded state of the right PFA.
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3. Materials and Fabrication

The foldable part, the transition part, and the sealing part are fabricated using the molds and
casting approach. The molds were made of photosensitive resin using a three-dimensional printer
(CoLiDo DLP 1.0, PRINT-RITE; Zhuhai, China) with a resolution of 0.05 mm. The foldable part and
transition part were cast in a set of molds, and the thickness of the foldable part and transition part
were 1 mm; the gap between the molds was small; as a result, we chose silicone with good elasticity
and fluidity (Ecoflex 00-30, Smooth-On; Pennsylvania, America) to build the foldable part and the
transition part. The Miura-ori pattern was printed on the printer paper (A4, 80g, Deli; Ningbo, China)
and then cut along the edge of the Miura-ori unit with a knife and folded before being glued to the
inner surface of the foldable part by soft glue (Silica Gel Soft Glue, Valigoo; Dongguan, China). We used
silicone with a high elastic modulus (Dragon Skin 30, Smooth-On; Pennsylvania, America) to build the
sealing part. Since the material of the sealing part had a much higher elastic modulus comparing with
foldable part and transition part, the sealing part basically held still when the foldable part folded and
the transition part deformed. Finally, we used Dragon Skin 10 NV to glue these parts together, and the
tape was attached to the feet. The fabrication processes of the PFA and the crawling robot are shown in
Figure 7.

=>

Molds Silicone skin /7 Sealing Part The PFA for testing

—

I\ Foldable part and transition part

Miura-ori Paper skeleton Sealing part designed as feet The crawling robot

Figure 7. The fabrication processes of the PFA and the crawling robot.

4. Experiments and Results

4.1. The Pressure—Displacement and Volume—Pressure Curves

The PFA is designed to switch between negative and positive to perform a fold-inflation cycle.
Based on observation from the previous test, we chose a working pressure from —10 kPa to 10 kPa for
the PFA with a paper skeleton.

The experimental setup for measuring pressure-displacement is shown in Figure 8a. The pressure
and displacement during the three steps were recorded by a pressure sensor (DP-101A, Panasonic;
Suzhou, China) and displacement sensor (HG-C1050, Panasonic; Suzhou, China). The data from the
pressure sensor and displacement were processed by RaspberryPi. The push or pull of the syringe is
controlled by a stepper motor. The pressure of the PFA is controlled by the movement of the syringe
according to the reading pressure value.
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Figure 8. (a) The experimental setup for measuring; (b) The pressure-displacement curve; (c) The
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During the folding process, the sealing part at the top of the PFA will produce a different angle
of inclination; in order to ensure the validity of the data, we specified that the data measured by the
laser sensor were valid while the laser was irradiated in a circle with a radius of 2 mm on the top
sealing part.

We defined a parameter 7 as the strain, n = AL/L,;, where AL is the length change of the PFA under
pressure P4 # 0 compared with the original length, and L, (theoretical length = 24.14 mm, actual
length = 23.70 mm) is the original length while P4 = 0. The measurement consists of three steps: (1)
folding, the PFA contracts from the initial state to the folded state by syringe extraction from the PFA
until P4 =—10 kPa; (2) unfolding, the PFA is unfolded from the folded state by syringe injection into the
PFA until P4 = 10 kPa; (3) recovery, the PFA recovers to the initial state until P4 = 0 kPa. The curves
are as shown in Figure 8b,c, and the state of the PFA under different pressure is shown in Figure 8d.

From the pressure-displacement and volume-pressure curves, the following was observed: (1)
in the process of folding and unfolding, the slope decreases dramatically from 0~—5 kPa, and the
slope changes slowly from —5 kPa~—10 kPa; the slope under the positive pressure and the slope from
0~-5 kPa are approximately linear; (2) The maximum strain 7,5, = 0.43 under negative pressure, P4=
—10 kPa, and the maximum strain 14 = 0.19 under positive pressure, P4 = 10 kPa; the PFA varies
more under negative pressure than under positive pressure; (3) when the air volume of the PFA is
reduced or increased by about 6 mL, the pressure changes are approximately equal; (4) in the process of
folding and unfolding, the slope changes slowly from —4 ml~6 ml, but the slope decreases dramatically
from —4ml~—6ml, the slope from 0~6 ml is approximately linear.

We made a comparison between the PFA with or without the paper skeleton and chose the working
pressure from —10 kPa to 6 kPa for the PFA without a paper skeleton (Figure 8e). By comparing
Figure 8d with Figure 8e, it is observed that the paper skeleton had a good limiting effect in the axial
direction, which makes the PFA have a more stable deformation along the z-direction.

The soft actuators are usually designed to perform like muscle, and the PFA can also generate
larger force under negative pressure. In order to acquire the behavior of the PFA versus load, the
sealing part was designed with a hole for hanging weights. The weight of the PFA is 2.52 g, and the
magnitude of the load is 10 g. The behavior of the PFA versus the load is as shown in Figure 8f. The
PFA can lift an object four times heavier than itself.

4.2. Determining the Working Pressure for the Crawling Robot

Through experimentation, a vacuum degree of 10 kPa is sufficient to achieve the action of the
robot. However, the folding process can be accelerated using a lower pressure. The positive pressure
of 5 kPa was chosen, and unfolding process can be slowed using a lower pressure in order to improve
the crawling efficiency and reduce the asymmetric inflation of the two PFAs for manufacturing errors.
In the later experiments, we used a vacuum degree of 20 kPa and positive pressure of 5 kPa to drive
the crawling robot.

4.3. The Movement of the Crawling Robot

The experimental setup for controlling the crawling robot is as shown in Figure 9a, mainly
containing a pressure air pump, vacuum pump, three-way solenoid valve, and relay module. The right
and left PFAs are connected to two independent air supplies which can switch between a vacuum
pump and air pump.
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Figure 9. (a) The experimental setup for controlling the crawling robot; (b) The linear movement of the
crawling robot; (¢) The turning movement of the crawling robot.

The linear movement. The crawling robot crawls along one direction on a plane as shown in
Figure 9b. The crawling gait is based on the folding and unfolding state of the PFAs. By periodically
switching the solenoid valve, the right and left PFAs fold or unfold simultaneously. In the test, the
crawling robot in a forward motion had a velocity of about 5 mm/s.

The turning movement. The crawling robot turning left on a plane is shown in Figure 9c. The
crawling gait is based on the different folding and unfolding state between the left and right PFAs. By
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periodically switching the solenoid valve, the right and left PFAs are folded or unfolded differentially.
In the test, the crawling robot turned with an angular velocity of about 15°/s.

Compared with the existing soft crawling robots based on soft pneumatic actuators [6,13,14,16],
the crawling robot driven by the PFAs is superior in terms of locomotion speed and efficiency. As
shown in Table 3, the crawling robot driven by the PFAs had a turning speed of about 15°/s with a
shorter body length, which is one of the fastest among the existing soft crawling robots based on the
research by us and other scholars [13].

Table 3. A Comparison of Different Soft Crawling Robots.

Soft Crawling Actuation Body Length Turning Speed  Linear Speed

Robot Method (mm) ©fs) (mmy/s) LS/BL

Our robot Pneumatic 32 ~15 ~5 ~0.15

Zou et al. [6] Pneumatic 154 ~1.63 ~5 ~0.032
Qin et al. [13] Pneumatic 135 15.09 16 0.11
Wu et al. [14] Pneumatic ~110 ~1.23 9.85 0.089

Tolley et al. [16] Pneumatic 650 ~0.2 ~5 ~0.007

LS, Linear speed; BL, Body Length.

5. Conclusions and Future Work

Here, we designed a crawling robot consisting of two foldable pneumatic actuators, front and rear
feet. It can perform both linear and turning movements, according to the different control patterns
(Supplementary Movie S1 and S2). The working pressure is determined by experiments to confirm the
properties of the foldable pneumatic actuator.

Compared with most of the soft crawling robots, the linear and turning movements of the crawling
robot based on the Miura-ori structure mainly depend on the length change by the folding of the
actuator under a low negative pressure, instead of elongating or bending the actuators under positive
pressure. The height of the crawling robot does not change during the movement. Therefore, the
crawling robot based on the Miura-ori structure is more suitable for movement in height-limited space.
The crawling robot with a micro-camera can move in low ventilation ducts to detect faults or can move
in the gaps of collapsed ruins to help staff search and rescue.

The design presented here has the following limitations: (1) the silicone cannot be folded like paper,
and the structure needs to be improved; (2) the crawling robot lacks feedback control and information
exchange, so it cannot be regulated in time, and large deflections may arise during long-distance
motion. In future work, a micro-camera and three-axis electronic compass sensor can be embedded in
the front and rear of the robot, and then we can adjust the posture and position of the robot based on
the information from the sensors. A combination of a robot with machine vision and machine learning
and training will make the robot smarter, which is also the direction of our next efforts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0825/9/2/26/s1,
Movie S1: The linear movement of the crawling robot; Movie S2: The turning movement of the crawling robot.
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