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Abstract—Miniature soft robots present great potential in
delicate manipulations due to their gentle force, complaint
structures, and flexible motions. Easy control and fast response
make pneumatic actuation a prevalent method for driving soft
robotics. In addition, sequential motions are also crucial for en-
hancing the grasping and moving abilities of soft robots. How-
ever, existing miniature pneumatic soft robots are limited to
one-dimensional geometries and simple motions due to the dif-
ficulties in designing and fabricating intricate small airways in
miniature pneumatic soft robots, which restricts them from
more versatile deformations. Here, we employ intricate mono-
lithic microchannels embedded into miniature soft robots' mon-
olithic bodies for sequential motions. After verifying the effects
of the channel diameter, strain-limiting layer, and elastic mod-
ulus of the robot's body on the bending behaviors of the 1D soft
robots, we fabricated a soft flower robot capable of sequential
and simultaneous 3D-to-3D shape morphing through five indi-
vidual microchannels and a soft carnivorous plant robot con-
taining 2D interconnected microchannels capable of sequential
enclosed grasping through a single inlet.

I. INTRODUCTION

Soft robots can readily achieve versatile operations,
including interacting with fragile objects [1], exploring
unknown environments [2], and mimicking the motions of
animals or plants [3, 4] due to their excellent compliance for
safe interaction [5]. Miniature soft robots become promising
solutions to realizing safe navigation, delicate manipulation,
and precise operation [6], which are essential to specific
scenarios, including minimally invasive surgeries [7], fragile
creature capturing [8], and cargo release tasks [9]. In recent
decades, different approaches have been proposed for
actuating small-scale soft robots. Electrostatic actuation has
exhibited excellent performance in rapid response, strong
output force, and precise displacement, still, the high voltage
remains a potential danger when interacting with humans [10,
11]. Magnetic actuation endows the miniature soft robots with
untethered operations and fast response. However, magnetic
soft robots require complex control systems for actuating and
are only applicable in confined environments [ 12]. In addition,
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thermal actuation still lacks the ability for fast actuation due
to the slow heat dissipation process [13].

Pneumatic actuation is prevalently employed for
achieving various tasks due to the simple setup, easy control,
and fast response [14]. Moreover, pneumatic soft robots
require simple structures, soft matrices with internal voids,
and easy fabrication, bonding the cast elastic structures (soft
lithography) [15]. One-dimensional (1D) pneumatic soft
robots have already achieved bending and twisting
deformations on a small scale [16-18]. However, the rupture
always occurs at the joint region, and defects, such as small
cylindrical pillars, are seldom avoided when adhering two
parts together, especially at several hundred microns, where
surface tension plays a dominant role [8]. Monolithic
microchannels have been employed in 1D pneumatic soft
robots, which can bear pressure up to 70 kPa [17]. But their
fabrication methods are applicable to simple geometries,
which limits the design flexibility for performing more
complex deformations of soft robots. Additive manufacturing
is able to fabricate soft millimeter-scale grippers with intricate
geometries due to its high design flexibility [19, 20]. But its
long fabrication duration and post-processing for UV-cured
resin are not applicable for the scalability and mass production
for miniature soft robot generation.

Moreover, sequential motions are essential for biological
systems, such as the running of animals requiring the synergic
movement of their limbs and carnivorous plants controlling
the sequential bending of their leaves during the capturing
process. In addition, sequential motions are also crucial for the
grasping and moving performances of soft robots. The
complex moving gaits for a soft quadrupedal robot [21] and
delicate in-hand manipulation for robotic hands [22] were
realized by controlling the individual pneumatic channels.
Therefore, sequential motions can benefit and enhance the
deforming ability for more complex operations of soft robots.
Besides connecting multiple inputs, to reduce the control
complexity and avoid redundancy pipelines, which may
hinder the motions of soft robots, different approaches, such
as harnessing the viscous flow by optimizing the diameter and
length of the connecting tubing [23], and employing
additional devices, i.e., a fluidic relaxation oscillator [24],
multiple capillary orifices [25], and a soft pneumatic valve
[26], have been taken to achieve a single output source for
sequential movements. In addition, thickness difference was
employed for sequential actuation of the soft digits with one
monolithic channel by a single pressure input [18]. However,
these existing strategies are not applicable for achieving
sequential motions in monolithic small-scale pneumatic soft
robots since these robots always require flexible tubing to
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Fig. 1 Sequential motions strategies for soft robots. (a) Multiple pressured
air inputs for sequential motions with initiating time difference. (b) Single
input for sequential motions with initiating pressure difference.

connect individual parts of robots, and the external
components, such as valves, are difficult for miniaturization
and integration into soft bodies of the soft robots.

Herein, we propose a strategy by designing and employing
intricate monolithic microchannels into miniature soft robots
for sequential motions. Compared to bonding two soft parts
for airways generation, we selected the soft demoulding
method proposed in our previous work for fabricating
monolithic microchannels in elastic matrices due to the simple
fabrication process [27]. The monolithic microchannels can
not only work as the actuating channels but serve as the air
transporting pipeline, improving the integration of the soft
robots. The channel diameter and elastic modulus of the
matrix are tunable for realizing different actuating pressures.
Two approaches are presented for the sequential motions of
soft robots (Fig. 1). The first approach employs multiple
pressured air inputs, and sequential motions can be realized by
controlling the time delay among the inputs (Fig. 1(a)). The
other introduces interlaced channels with a single inlet. The
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Fig. 2. 1D soft minature robot. (a) F abn'catioﬁ process of thlé 1D soft robot.
(b) Cross sections of the soft robots. Scale bar, 200 um.

different initiating pressures of these channels for deformation
are achieved by the differences in channel diameter and elastic
modulus (Fig. 1(b)). We first performed a series of
experiments to test the 1D soft robots' bending performance
and verify the effects of the microchannel diameter, without a
strain-limiting layer, and elastic modulus of the soft matrix on
the actuating pressure for miniature soft robots (dimension: 2
mm X 4 mm X 40 mm). Finally, we prepared two
demonstrations through the distribution of the monolithic
microchannels in the soft robots: a soft flower robot capable
of sequential and simultaneous closing its petals through
inflating five separated 3D microchannels and a soft
carnivorous plant robot capable of sequential grasping
through one inlet due to the difference in actuating pressure
for the 2D interconnected microchannels with different
diameters and elastic modulus.

II. METHOD

A. Design and fabrication of 1D miniature soft robots

Soft lithography, the most common fabrication method for
miniature soft robot generation, has been employed for
versatile, delicate grasping applications. However, this
technology requires adhering a flat layer onto a layer with a
void to produce the channel structure. The weak bonding force
makes the interface susceptible to bursting when inflated.
Defects (i.e., pillars in channels) generated during the bonding
process limit the bending performance of soft robots. Herein,
we chose soft demoulding technology for fabricating
miniature pneumatic soft robots due to the straightforward,
fast, robust fabrication process for monolithic microchannel
generation.

For pneumatic soft robots, the bending motion requires a
bending stiffness difference in the top and bottom sides of the
actuating channel. Most of the differences are achieved by
asymmetric thicknesses and strain-limiting layers. In our
experiments, the asymmetric thickness and strain-limiting
layer are employed in the soft robots. Here, we showed the
fabrication process of the 1D soft robot with a strain-limiting
layer as an example. A thermoplastic polyurethane (TPU)
filament generated by thermal extrusion from a 3D printer
nozzle (RAISE3D E2) was first fixed in a 3D-printed mold
(printed by RAISE3D E2, nozzle diameter: 0.4 mm, printing
layer accuracy: 0.1 mm). Then, the elastomer precursor,
prepared by mixing equal mass of part A and part B (Ecoflex
50, Smooth-On) and degassing for 5 minutes, was poured into
the mold. After that, a cotton fabric strip (thickness: 200 pm)
socked with the elastomer precursor working as the strain-
limiting layer was attached to the top of the mold, and the
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Fig. 3. Bending angle tst of the soft robot. (a) Acuation setup for the soft
robot. (b) Bending angle defination.
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precursor was thermally cured. Next, the filament was

demolded from the elastic matrix, and the elastic matrix was

detached from the mold. Finally, a small amount of precursor
was used to block the front end of the microchannel to form a
1D miniature pneumatic soft robot, as shown in Fig. 2(a).

Following a similar protocol, a series of soft robots containing
microchannels with different diameters, 200, 400, and 600 pm,
were demonstrated in Fig. 2(b).

III. EXPERIMENTAL RESULTS

A. Parameters for bending behavior control of 1D soft

robots

Exploring the effect of microchannel diameters, strain-
limiting layers, and elastic modulus of the elastic materials is
crucial to controlling the bending behaviors of pneumatic soft
robots. The 1D soft robot with the dimensions 40 mm in length,
4 mm in width, and 2 mm in thickness was designed for the
following bending behavior tests. The actuating and

measuring setup was designed as shown in Fig. 3(a). The
compressed air was inflated into the microchannel of the soft
robot through a proportional valve, and the real-time pressure
was tuned by the microcontroller. The definition of the
bending angle of 1D soft robots is shown in Fig. 3(b). The
bending process of the soft robots was recorded by the camera
(5D4, Canon), and the bending angle was acquired through
our image processing algorithm [28]. To verify the effect of
microchannel diameter on the bending behavior of soft robots,
we employed three different microchannels, 200, 400, and 600
pm, in the soft robots. The microchannel diameter can be
tuned by varying the filament template. We observed an
increasing actuating pressure required for achieving the same
bending angle as the microchannels of the soft robots
decreased (see Fig. 4(a)) for both soft robots with and without
the strain-limiting layer, and the bending sequences were
shown in Fig. 4(b). In this test, the soft robot with a larger
diameter requires a smaller actuating pressure to realize a
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Fig. 5. Effect of elastic modulus of the soft matrix on the bending behavior of soft robots. (a) The stress-strain curves of the elastic matrix. (b) The relationship
between applied pressure and bending angle with different materials. The insets show the bending process of soft robots. Scale bars, 5 mm. (c¢) Burst pressure

as the function of soft matrix’s elastic modulus.
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similar bending angle due to its smaller area moment of inertia
and larger bending torque. The burst pressure of the soft robots
was measured by increasing the inflating pressure till the robot
ruptured, and the burst pressure was recorded. Similarly, the
burst pressure decreases as the channel diameter increases

(Fig. 4(c)).

In addition, the soft robots with and without a strain-limit-
ing layer (cotton fabric with 200 pm in thickness) were also
analyzed for the bending behavior of the soft robots. The
matrix material (Ecoflex 50) was kept constant for the soft
robot without a strain-limiting layer. The stiffness difference
of the soft robot without a limiting layer is realized by the
asymmetric thickness on both sides of the microchannel (600
pum thickness difference). The pure soft robot requires smaller
actuating pressure to achieve the same bending angle and
smaller burst pressure due to the smaller bending stiffness
compared to the robot containing a strain-limiting layer, as
shown in Fig. 4(a). The bending performance deviation of the
soft robots may cause by the assembly error of templates,
which determines the location of the microchannels.

B. Elastic modulus of the soft matrix

The effect of the elastic modulus of the soft matrix was
validated by using two different materials (Ecoflex 50 and
Mixture), and the microchannels (diameter: 400 pm) of the
soft robots were kept constant. The Mixture was prepared by
adding part A, part B of Dragon skin 30 precursors, and part
A, part B of Ecoflex 30 precursor into a beaker in sequence
(the volume ratio of Dragon skin 30 and Ecoflex 30 precursor:
1:1). The stress-strain tests were performed to measure the
elastic modulus of the materials, and the Mixture exhibited a
higher modulus (Fig. 5(a)). The more rigid Mixture requires a
larger bending torque for the 1D soft robots; therefore, a
higher pressure was required to actuate and burst the soft
robots, which coincides with our experimental results (Fig. 5).
These validated parameters for tuning the actuating pressure
for soft roots are critical to our strategy for sequential motions
in the following demonstrations.

C. Sequential motions of the soft flower robot via 3D
independent microchannels

3D reversible morphing capabilities are wildly existing in
plants and animals for moving, capturing, and camouflaging,
such as swimming of a jellyfish and closing its petals of a soft
flower. These sophisticated motions are realized through the
3D-distributed soft tissues in these living creatures [29-30].
Inspired by the morphing abilities of these -creatures,
researchers have proposed employing complex strain-limiting
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Fig. 6. Fabrication process of the soft flower robot.
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Fig. 7. Sequential bending of the soft flower robot. (a) Schematic and orig-
inal state of the soft robot. (b) The sequential bending and simultaneous
bending of the soft flower robot. scale bars, 5 mm.

layers, i.e., synthetic tissue patterns [22] and kirigami plastic
shells [31], and intricate 2D airway networks [32] in the elastic
layers for achieving the programable deformations form
planar geometries into the 3D configurations. Here, to better
imitate the morphology and 3D deforming capability of
flowers, we embedded 3D monolithic microchannels into the
soft flower robot to achieve 3D-to-3D shape morphing. The
3D distributed microchannels resemble the soft tissues in the
soft flowers for controlling their motions. In addition, the
microchannels are designed into individual parts, which are
applicable for independent control of each petal of the soft
flower robot.

The fabrication of the pneumatic soft flower robot
containing 3D microchannels is still challenging. Soft
lithography is not capable of fabricating 3D microchannels for
3D geometrical soft robots due to its fabrication limitations.
Inspired by the coating of the slender elastic shells on curved
surfaces [33], we fabricated the soft flower robot by
employing the inner coating of a flower-shaped mold, and the
thickness difference was taken for achieving the bending
performance due to the gentle actuating pressure. The
fabrication process was discussed in detail as follows: a dyed
silicone precursor (Ecoflex 0050, Smooth-on) was first
poured into a 3D printed flower-shaped hollow mold with five
grooves inside, and a thin precursor remained on the mold
surface. Before the silicone precursor was completely cured at
room temperature (waiting duration: 1 hour), five TPU
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Fig. 8. Interconnected microchannels. (a) The template filament distribution
during the fabrication process. (b) Schematic of the interconnected micro-
channel. (c¢) The flow process of the red ink from Microchannel 1 to Micro-
channel 2. Scale bars, 5 mm.
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filaments (diameter: 400 um) were attached to the silicone
precursor. The waiting duration before attaching the filaments
is crucial to the monolithic microchannel fabrication since the
viscosity of the precursor should be large enough to support
the filament and able to build a strong interface when another
precursor layer is cast. Then, the precursor was poured into
immersing the template, and then a second layer was cast on
the parts containing filaments to generate a thicker elastic
layer after curing at room temperature. After the elastic matrix
was detached from the mold, five independent 3D
microchannels were created inside of the elastomer after the
templates were removed from the matrix. Finally, the top ends
of the microchannels were sealed by a small volume of
precursors, and the soft flower robot was generated, as shown
in Fig. 6.

To exhibit the sequential motion ability of our soft flower
robot, each of the five microchannels was connected to an air
source for providing pressured air via independent silicone
tubing. In our demonstration, each of the five petals of the soft
robot bent in sequence when inflating the corresponding
microchannels. Moreover, the simultaneous bending of the
five petals was also realized when the five microchannels
were actuated simultaneously, as shown in Fig. 7.

D. Sequential motions of the soft robot via interconnected
microchannels

Sequential motions are important for soft robots to
perform certain tasks, including running, swimming, and
camouflaging. In general, these soft robots consist of
individual actuating chambers. To generate complex and
sequential motions, each chamber in the soft robots requires
individual actuating (pressurized air sources) and control
systems (valves), just like the actuating process of our soft
flower robot mentioned above. The multiple input lines
connecting to the bodies of soft robots may limit the robots'
moving ability and require complex control systems for
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achieving sequential motions [21]. Here, we avoid adding
external components, such as fluidic oscillators and extra
connecting tubing, and harness the interconnected
microchannels with a single inlet in the soft robots. The
sequence motions are achieved by the difference in the
actuating pressure of individual microchannels due to the
variation in microchannel diameter and the strain-limiting
layer of each microchannel.

The design and fabrication of interconnected
microchannels are crucial to soft robots. Additionally, based
on our fabrication method, the 1D filament is hard to generate
planar interconnected microchannels. Herein, we employed
interlaced 1D filaments with overlapped sections during the
fabrication process. After removing the filaments from the
elastic matrix, the overlapped sections generate a connecting
port between microchannels, which is an applicable approach
to fabricating interconnected microchannels for soft robots.
We validated this approach by injecting the red ink through
Inlet 1 of Microchannel 1, and the inks flowed into
Microchannel 2 through their connecting port with a small lag
after the matrix was treated by air plasma due to the capillary
interaction, as shown in Fig. 8.

To verify the sequential bending ability of soft robots
containing multiple connected microchannels with a single
inlet, we fabricated a soft robot with three digits. This soft
robot contains four microchannels: the horizontal
microchannel (diameter: 600 pm) works as the air
transporting channel, one end of which was connected to a
pressure source, and this microchannel contains individual
connecting ports with other three microchannels; three
actuating microchannels (diameters: 400 um, 200 pum, and
400 pm respectively) in the three soft digits, as shown in Fig.
9(a). We applied a rigid frame to the horizontal microchannel
to confine its deformation due to the largest diameter being
first vulnerable to bending when inflating. As the pressure
increased, the left and right soft digits were bending
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simultaneously with a similar bending angle due to the same
microchannel diameter. In addition, the middle soft digit
presented a delayed bending process since its microchannel
diameter was smaller, as shown in Fig. 9(b).

Finally, inspired by the trapping motion of the carnivorous
plant (Drosera capensis) [29], we designed and fabricated a
soft carnivorous plant robot to achieve the sequential motion
of their individual leaf for preying through a single inlet, as
shown in Fig. 10. In this demonstration, we employed
different diameters of the microchannel (200 and 400 um) and
elastic materials (Ecoflex 50 and Mixture) for realizing the
sequential bending process. The horizontally distributed
microchannels were embedded in the same matrix (Ecoflex
50), and the larger diameter (400 pm) presented an earlier
bending process. In addition, the vertical microchannel was
embedded into a more rigid elastic matrix (Mixture) and
exhibited the latest bending after the pressure is excess of 58
kPa. As the pressure increased, the two side leaves bent
sequentially, and then the middle leaf also bent to realize the
enclosed grasping (Fig. (10b)).

IV. CONCLUSIONS

This paper presents a new approach to the sequential
motions of miniature soft robots by introducing intricate
monolithic microchannels in the robots' bodies. We validated
our strategy by a soft flower robot with five individual
microchannels actuating by five pressure sources. A soft
carnivorous plant robot containing interlaced microchannels
for sequential bending resembling the capturing process of the
natural carnivorous plant, was also generated.

Future works include modeling and quantitative analysis
of the bending behaviors, programmable design of the
intricate microchannels, and involving more versatile motions,
including elongation and rotation, into soft robots.
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