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Abstract—We propose pouch motors, a new family of
printable soft actuators integrated with computational
design. The pouch motor consists of one or more inflatable
gas-tight bladders made of sheet materials. This printable
actuator is designed and fabricated in a planar fashion.
It allows both easy prototyping and mass fabrication of
affordable robotic systems. We provide theoretical models
of the actuators compared with the experimental data.
The measured maximum stroke and tension of the linear
pouch motor is up to 28% and 100 N respectively. The
measured maximum range of motion and torque of the
angular pouch motor is up to 80 degrees and 0.2 N respec-
tively. We also develop an algorithm that automatically
generates the patterns of the pouches and their fluidic
channels. A custom-built fabrication machine streamlines
the automated process from design to fabrication. As an
example, we demonstrate a computer-generated life-sized
hand that can hold a foam ball and perform gestures with
twelve pouch motors can be fabricated in 15 minutes.

I. INTRODUCTION

Accelerating the design and manufacturing of phys-
ical systems from ideas is one of the main challenges
in robotics. Manufacturing conventional robotic plat-
forms requires rather complex processes to assemble
constituent components: frame, sensors, actuators, and
electronics. Expensive components and complex assem-
bly processes drive up the cost of robotic systems and
limit commercialization opportunities. The goal of this
research is to design and fabricate robotic systems by
print technologies, which will shift the paradigm of
robot development [1]. An integrated fabrication method
for making robots allows both professionals and non-
professionals to design and fabricate affordable cus-
tomized robotic systems.

Automating robot fabrication from design to assem-
bly is important for reducing prototyping costs. Recent
advancements in 3-dimensional (3D) printing technolo-
gies allow for affordable rapid prototyping of arbitrary
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structures with plastic, metal, and rubber. Although such
technology drastically expedites prototyping processes,
the available materials for 3D printing are still limited
and cannot yet replace unique anisotropic raw material
properties. An early approach to integrated fabrication
is Shape Deposition Manufacturing (SDM) applied in
robotics [2][3]. The SDM integrates actuators, sensors,
and linkage mechanisms encapsulated in the process of
casting structural materials without fasteners. Another
approach for facilitating the integration of robotic com-
ponents is to combine multiple layers of planar sheets
and create a three-dimensional robot by folding. Folding
laser-machined composite laminates can create links
and joints [4][5]. Self-folding origami techniques[6] can
automate the folding process of light-weight structures.
The reconfigurable modular robot [7] and programmable
structures [8][9] are also approaches that can potentially
provide a customized robotic system with minimum
assembly processes.

New fabrication techniques have been developed for
printable components such as instant circuits [10], print-
able batteries [11], and printable optics [12]. These
rapid prototyping technologies minimize assembly time
and achieve a monolithic system that integrates multiple
components.

Although these techniques facilitate the development
of printable robotic systems, developing techniques to
print actuators has been a challenging task. This is
because typically the fabrication of an actuator requires
integrating multiple materials in rather complex geome-
tries. For example, to generate electro magnetic force,
highly conductive materials are combined with materials
with special magnetic properties in complex 3D shapes.
Compared with electromagnetic actuation, electrostatic
actuation requires fewer special materials and a less
complex fabrication process [13], although, the electro
static actuator requires a substantially large surface area
device and a high-voltage power supply to generate
workable force.

Thermally-responsive materials such as shape memory
alloy and shape memory polymer also are candidates
for simple actuation methods [8][14][15]. However, the
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Fig. 1: Overview of the design process of the printable robots with pouch motors. Based on the user input, our
system generates outlines of the actuator and fluidic channels for the actuator layer. The planar life-sized robotic
hand popping out from the letter size board is a one of the examples.

temperature control has low bandwidth and limited en-
ergy efficiency, and most of them are not reliable over
multiple cycles.

Fluidic actuation offers the benefit of simplicity. Pneu-
matically driven elastomer (specifically, silicone rubber)
is a widely used soft robotics technique [16]. This
actuation method uses volume expansion of very soft
materials such as silicone rubber by pressure modulation.
Fiber-reinforced materials and elastomer composites [17]
are employed for selective deformation.

Microfluidic actuators have been explored in the field
of MEMS using various fabrication techniques [18].
Specifically, a membrane actuator called microballoon
actuator is used for microrobotics [19][20]. Because
the micro actuators rely on MEMS specific materials
and fabrication techniques such as etching, lithography,
and spin coating, the output force/moment are neither
scalable nor usable by robots beyond the millimeter
scale. Moreover, in the microballoon actuator, the con-
siderable elastic deformation of the microballoon makes
theoretical analysis difficult [21].

Pneumatic artificial muscle (PAM) actuator, a member
of the fluidic actuators, is a candidate printable actuator.
Unlike hydraulic or pneumatic cylinders, PAM has no
sliding components and has inherent compliance and
structural flexibility. McKibben-type PAM consists of a
few components: an elastic tube, a braided sleeve, and
end fittings. Although PAM results in other improved
structures [22], [23], they keep the bulky cylindrical
shapes.

In this paper, we introduce the ”pouch motor”, a
new printable actuator that allows automated design
and fabrication of a soft actuator for affordable robotic
applications. We chose fluidic actuators for their struc-
tural simplicity and ease of fabrication. This work is
an extension of a previous publication [24]. The two

dimensional (2D) design of the actuator is suitable for
seamless connection with existing design tools. The
key fabrication technique is computational design, for
example, experimented in [25]. We present automated
pattern generation by custom-developed algorithms. In
contrast with recent progress in flat PAM[26] that based
on mold casting silicone rubber, we focused on signif-
icantly simplified dry manufacturing process combined
with automated computational design.

This paper contributes by providing planar pneumatic
actuators that can be integrated with printable robot
systems. First of all, we investigate the theoretical model
of the actuator with measurement data. Our contribution
also includes both computer-controlled fabrication and
automated design algorithm for robotic applications. We
develop two practical fabrication methods for the planar
actuator: heat stamping and heat drawing. We apply
automated design to the actuators and demonstrate on
the printable robot hand.

The remainder of this paper is structured as follows. In
section II, we describe a basic concept of the proposed
soft actuators and a design workflow for the printable
robotic system. Then, we discuss a theoretical model of
the actuator supported by experimental results. In section
III, we describe fabrication methods to implement the ac-
tuators based on heat drawing and heat stamping method.
In section IV and V, we demonstrate an algorithm
to automatically generate a two-dimensional design for
a robotic system driven by this planar actuators. We
conclude the work with a summary of contributions and
future work in section VI.

II. POUCH MOTORS CHARACTERIZATION

A. Design Workflow

The design process for a printable pouch motor robot
is shown in Figure 1. The user input should contains



the position of the joints and connectors as well as
the shape of the robot. The system generates the 2D
patterns of actuator, texture, and structure layers. This
two-dimensional form factor enables computer-aided de-
sign and simplifies fabrication. Each layer, including
the actuator layer, is printable by planar fabrication
tools. The actuator layer is a group of pouch motors
and fluidic channels printed on a duplex thermoplastic
film. The texture layer is a colored pattern printed on
paper by inkjet/laser printer. The structure layer is a
scaffold of the actuator made of stiff material such as
paper, fibreboard, and plastics. All the layers requires
cutting process by laser cutter or cutting plotter. Finally,
the layers are combined in alignment with double-sided
adhesive film/tape or glue. After connecting a control
system and initiating a self-folding process, the robot is
operable.

B. Basic Function

Pouch motors use the mechanical work of fluid
through the deformation of inflatable planar pouches.
We can use air, water, and oil as the working fluid
for example. Changes in length and in curvature are
used for the linear (translational) pouch motor and the
angular (rotational) pouch motor, respectively (Fig. 2).
Stiff output tabs are attached to the edges of the pouch
to deliver mechanical power.

(c) angular pouch motor(b) linear pouch motor

(a) deformation

contraction rotation

extension

Fig. 2: Possible deformation of a pouch (a) and two
typical examples of pouch motors: (b) linear, and (c)
angular. The gray and white parts indicate inflatable
pouches and stiff structure respectively.

The pouches are fabricated by bonding two air-tight
sheets along the perimeter of a pouch. We chose a heat
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Fig. 3: Actions of the pouches: (a) contraction, (b)
rotation, assuming that output tabs are tangent with the
curve of the membrane on one side, and (c) rotation with
a hinged mechanical structure.

bonding method that is available for thermoplastics, in
terms of performance and manufacturing time. To apply
bonding patterns, we developed two different manufac-
turing methods: heat stamping and heat drawing.

C. Theoretical Model of the Pouch

We developed a mathematical model of the pouch
motor. We focus on two types of joint actuation using the
inflatable pouch: linear contraction and angular rotation
(Fig. 3). The hinged angular pouch motor is mechan-
ically stable but has smaller range of motion than the
angular pouch motor without a hinge.

The initial state of the pouch with no pressure is a flat
square, and the geometry of the pouch under positive
pressure P is an airfoil shape with cylindrical surfaces
on the top and the bottom (Fig. 4a). The pouch on the
hinged structure has a cylindrical surface only on the
one side (Fig. 4b). As the volume of the pouch V , Vh
increases, the radius of the curvature r of the cylindrical
surfaces decreases. We assume that the membrane of
the pouch has zero bending stiffness and is inextensible.
Thus, we assume there is no elastic energy stored in the
membrane. We also assume that the width of the pouch
D remains constant as it is inflated and the side walls
are ignorable.

Assuming the surfaces of the pouch are cylindrical,
we obtain equations eq. (1), and eq. (2):

L0 = 2rθ (1)

r sin θ =
L

2
(2)
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Fig. 4: Model of the single pouch: (a) a free pouch with
cylindrical surfaces on the top and bottom, and (b) a
pouch on a hinged joint.

where L0 is the initial length when the pouch is flat, r is
the radius of the curve of the membrane, θ is the central
angle of the circular segment, and L is the length of the
chord or the length of the pouch.

From eq. (1) and eq. (2), by eliminating the radius r,
we obtain the length of the pouch, that is:

L(θ) = L0
sin θ

θ
(3)

The above eq. (3) is applicable in both of the pouches.
The volume V of the free pouch (Fig. 4a) can be derived
as

V (θ) = AD =
L2
0D

2

(
θ − cos θ sin θ

θ2

)
(4)

where A is the cross-sectional area of the pouch, and D
is a width of the pouch.

The volume Vh of the pouch with hinged sturucture
can be derived using a cross-sectional area of the pouch
Ah and a the width of the pouch D as follows:

Vh(θ) = AhD

= L2
0D

θ − cos θ sin θ + sin θ
√
θ2 − sin2 θ

4θ2
(5)

D. Linear Pouch Motor

The work of the fluid in the pouch is transformed into
tension force F in the case of a linear pouch motor. The
energy conservation corresponding to a virtual transla-
tion dL becomes

−FdL = PdV (6)

where F is the tension force, P is the inner pressure of
the pouch, dL is the small displacement in length, and
dV is the small displacement in volume.

We already have both the length and the volume
(eq. (3) and eq. (5)) of the pouch as a function of the
parameter θ. We obtain the following result:

F (θ) = −P dV
dL

= −P
dV
dθ
dL
dθ

(7)

F (θ) = L0DP
cosθ

θ
(8)

Now we introduce a strain Le as the ratio of total
deformation to the initial length:

Le =
L0 − L
L0

= 1− sinθ

θ
(9)

The theoretical maximum contraction ratio of the
linear pouch motor is Le(π/2) = π−2

π ≈ 0.363 (36.3%).
The maximum force output is observed when L =
L0, θ = 0. When θ → 0, eq. (7) says F →∞. In reality,
the linear pouch motor has finite maximum output force
because material can stretch by the pressure and the
tension force.

E. Angular Pouch Motor

1) Open Structure (Ideal): We consider an ideal
model of the angular pouch motor based on the free
pouch model (Fig. 4a, and Fig. 3b) in which the overlap
between the pouch and output tabs are sufficiently small.
The work of the fluid in the pouch is transformed into
moment (torque) M . The energy conservation corre-
sponding to a virtual rotation dφ becomes

Mdφ = PdV (10)

The output angle φ is a function of θ, that is:

φ(θ) = 2θ (11)

We obtain the following result:



M(θ) = P
dV

dφ
= P

dV
dθ
dφ
dθ

(12)

M(θ) = L2
0DP

cos θ(sin θ − θ cos θ)
2θ3

(13)

The theoretical maximum range of motion of the
angular pouch motor with open structure is zero to
π rad (180◦). The maximum moment is observed when
φ = 0. In practical use, because of the small overlaps
between rigid output tabs and edges of the pouch
(Fig. 3b), measured maximum range of motion might
be less than 180◦.

2) Hinged Structure: The angular pouch motor with
open structure is suitable for small-load applications such
as animated origami structure. The open edges of the tabs
will dig into the pouch with overload. By adding a hinged
structure, the deformation of the pouch is efficiently
transformed into the angular motion without undesired
pouch deformation. Moreover, the hinge can support
shear and twist force that cannot be tolerated by only
the flexible pouch. On the other hand, hinged angular
pouch motor has limited maximum range of motion.

The pouch motor with hinged structure (Fig. 4b, and
Fig. 3c) has the output angle φh that is a function
of θ. The following equation can be derived from the
geometric relationships:

φh(θ) = arccos

(
2 sin2 θ

θ2
− 1

)
= 2arccos

(
sin θ

θ

)
(14)

We obtain the following result for the moment Mh:

Mh(θ) = P
dVh
dφh

= P
dVh

dθ
dφh

dθ

(15)

Mh(θ) =
L2
0DP

8θ2

(
−1 + θ2 + cos 2θ

−
√
2 cos θ

√
−1 + 2θ2 + cos 2θ

)
(16)

The theoretical maximum range of motion of the
angular pouch motor with hinged structure is zero to
1.63 rad (95.3◦). The maximum moment is observed
when φh = 0 and Mh(0) > M(0).
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Fig. 5: The experimental setup for tension and moment
measurements. Supply pressure of the pouch is feedback
controlled during the testing.

F. Properties of the Linear Actuators

We tested a linear pouch motor with three series
pouches (Fig. 5a). The test sample is made from a
polyethylene sheet with a thickness of 0.102mm (4mil).
The pouches are manually fabricated by using a line heat
sealer. Each pouch has the effective width D = 0.075m
and the initial length L0 = 0.025m. The measurement
of the tension force is a quasi-static process, which starts
shortening from L = L0 and returns to the initial length
at a velocity of about 25 mm/min. The inner pressure of
the pouch is kept constant by feedback control during
the experiments.

The theoretical curves are the parametric plot of the
equations eq. (8) and eq. (9) for 0 < θ ≤ π/2. Force F
is a monotonically decreasing function of the strain Le
in any pressure and is slightly concave up.

The comparison of the theoretical and the measured
force-length properties is shown in Figure 6. The record-
ings are low-pass filtered with a cut-off frequency of
0.4 Hz. The measured data trends similarly to the model.
The measured maximum stroke and force of the linear
pouch motor are about 28 % of the initial length and
100 N (10 kgf), respectively in 40 kPa. This performance
is comparable to McKibben artificial muscle.

We observed agreement between the theoretical curve
and the measured data in small working pressures under
10 kPa. Because of the elasticity of the sheet material,
the pouch expands in high working pressure over 40 kPa.
This results in a relatively large error in high pressure.
Even a fully loosened pouch motor (tension equal to
zero) cannot reach the theoretical maximum contraction
ratio. The elastic deformation also affects the maximum
tension force. In the initial length (L = L0), pressured
pouch cannot remain flat and has some curvature. Thus,
the measured data has limited tension force in small
strain. Other factor is the incomplete inflation in large
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Fig. 6: The force-length relationship of the linear pouch
motor at various pressures. Solid lines show measured
data, and dotted lines show the corresponding theoretical
curves. The arrows indicate outward and return of the
hysteresis curve. The horizontal axis shows the ratio of
the total deformation to the initial length L0.

contraction due to the 2D based design of the pouch.

G. Properties of the Angular Actuators

We tested an angular pouch motor with hinged struc-
ture (Fig. 5b). The test sample is made from a polyethy-
lene sheet with a thickness of 0.049mm. We use a single
pouch that has the effective width D = 0.075m, and the
initial length L0 = 0.025m. The pouch is fabricated by
using the heat drawing machine. The measurement of
the moment is a quasi-static process that starts bending
from φh = 0 until Mh = 0 then returns to the initial
angle.

The theoretical curves are the parametric plot of the
equations eq. (14) and eq. (16) for 0 < θ ≤ π/2.The
moment Mh is a monotonically decreasing function of
the angle φh in any pressure.

The comparison between theoretical and measured
moment-angle properties is shown in Figure 7. The
recordings are low-pass filtered with a cut-off frequency
of 0.4 Hz. The measured maximum angle and moment
of the hinged angular pouch motor are about 80◦ and
0.2 Nm, respectively in 20 kPa.

We observed agreement between the theoretical curve
and the measured data in small working pressures under
5 kPa. Because the pouch has no side walls not like the
theoretical model, side edges of the pouch could have
prevented the inflation and rotation in the bigger angle. In
addition, the elastic elongation of the membrane interfere
with both maximum moment and range of motion in
large pressure.
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Fig. 7: The moment-angle relationship of the angular
pouch motor with hinged structure at various pressure.
Solid lines show measured data, and dotted lines show
the corresponding theoretical curves. The arrows indicate
outward and return of the hysteresis curve.

III. FABRICATION METHODS

A. Overview

Pouch motors can be made of thermoplastic films. Two
sheets of plastic film are stacked together and thermally
bonded by applying heat and pressure along the line of
the bonding to form a pouch. A similar thermal bonding
method is used to seal bubble wraps and plastic food
storage bags. To bond the two sheets along the desired
shape, we develop two automated fabrication methods:
heat stamping and heat drawing.

Heat stamping involves a lengthy workflow but allows
for rapid manufacturing. First, a stamp (or printing
block) must be made and attached to the heat press ma-
chine. Although machining a stamp takes longer process,
once the stamp is ready, it’s easy to duplicate the same
design quickly with constant quality, thus making this
method suitable for mass fabrication.

The workflow for heat drawing, in contrast, is flexible
and programmable but prolongs manufacturing time.
Once the pouch design is made, a heat pen attached on
a three-axis CNC stage draws the outline of the design.
The heat drawing method is suitable for on-demand
prototyping in a small quantity.

B. Fabrication by Stamping

The heat stamping machine consists of a heat press
with a die mounted on its top plate (Fig. 8). Two layers
of thermoplastic films and a non-sticky film on the top
are loaded onto the machine table. We used a PTFE-
coated glass fiber fabric to prevent plastic films from
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Fig. 8: The heat stamping system and a sample of the fabricated pouch.
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Fig. 9: The heat drawing system and a sample of the fabricated pouch..

sticking to the die. After heating up the die to the desired
temperature, the die is pressed onto the film layers and
held for a short period of time. Then the films can be
taken out for cooling. Finally, pouch motors can be cut
from the films. The quality of pouch motors made with
thermal bonding is related to multiple parameters (Table
I).

The width of the bonding lines by stamping is deter-
mined by the die design and has more flexibility than
the drawing method as shown in the sample (Fig. 9).

In our process, we use 0.102 mm (4 mil) thick vinyl
films covered with a layer of 0.127 mm (5 mil) thick
PTFE coated glass fiber fabric as the release sheet to
prevent vinyl film melt onto the die. Line width on the
die is 1.6mm. We need a temperature of around 245 ◦C
when press the die onto the films for about 5 seconds.

C. Fabrication by Drawing

The heat drawing method uses a soldering iron that
is pressed against two thermoplastic films to apply heat
and pressure (Fig. 9). The position of the heated metal
tip of the soldering iron is controlled by a three-axis
CNC stage. Non-sticky films are stacked on top of two
layers of target thermoplastic films to minimize friction
between the tip and the films. These materials are held
on the drawing table beneath the heated tip. The heat-
drawing machine uses an elastic baseboard on the table

to achieve stable contact pressure. A computer interprets
a line of G-code and commands the machine to move
the heated tip to draw the design.

The width of the bonding lines by drawing has uni-
form width as shown in the sample (Fig. 9). The machine
also can draw a thick line by adding offset parallel lines
or draw serpentine pattern.

The quality of heat bonding is determined by multiple
parameters (Table I). We use thermoplastic films from
0.05 mm to 0.2 mm (2 mil to 8 mil) thick and 0.076 mm
(3 mil) thick PTFE coated glass fiber fabric for non-stick
and low-friction drawing. We use 375 mm/min as the
limiting speed of the drawing, and set the heated metal
tip temperature to 357 ◦C. The resulting drawing force
to make workable pouches is about 6.9 N.

TABLE I: Heat bonding parameters.

Bonding Method

Heat Stamping Heat Drawing

Line width Die pattern width Tip diameter, drawing force,
and base board rigidity

Temperature Die temperature Pen-tip temperature

Process time Stamping time Drawing speed

Sealing force Stamping pressure Drawing force

Common Thickness and type of thermoplastic
parameters Thickness and type of non-stick sheet



IV. AUTOMATED DESIGN WITH POUCH MOTORS

A. Overview

The pouch motor is not only printable but also it’s
suitable for automated design. The pouch motor design
can be reduced to 2D graphics and not suffered from
complicated 3D geometric constraints. The users can
benefit from computer-based optimization and simula-
tion. Moreover, the automated design can provide an
opportunity for non-professional people to design robot
systems. This section describes the design algorithm for
software developers.

The design algorithm for robots with pouch motors
compiles a 3D origami design (a folded state in 3D of a
paper structure encoded with a crease pattern and folded
angles) or a 3D polygon mesh into a design for pouch
motor soft robots. This automated design process has
three parts:

1) Creating unfolded 2D structure
2) Positioning pouch motors and routing air channels
3) Generating paths for CNC fabrication

B. Creating a 2D Structure from a 3D Model

Several algorithms exist to unfold 3D meshes or
origami designs [28][29][30]. We modified the algorithm
for self-folding sheets [27] to output a 2D unfolded
structure for later process. We transform the 3D model as
a graph and unfold it using Prim’s algorithm (a minimum
spinning tree algorithm) [31]. As the algorithm unfolds
the 3D model, it maintains the relationship between the
vertexes of the unfolded 2D structure and the 3D model.

C. Positioning Pouches and Routing

Once a 2D pattern has been developed, users can
indicate groups of actuated folds. Our system places
pouches on the fold pattern and routes air channels to
allow groups of pouches to be actuated simultaneously.
The current system is exclusive to angular pouch motors
attached on folds. We use the following steps, depicted
in Figure 10:

1) Input. The user provides a fold pattern G =
(B,F ), where B ⊂ R2 is the boundary of the
unfolding and F is a list of folds fi in the
fold pattern. Together, the boundary and the folds
divide the fold pattern into faces. The user inputs
a list A of np face ids, which are where the
input ports are located, as well as a mapping
s : F → {0, 1, · · · , np}, which indicates which
folds are associated with each input port. A fold
fi with s(fi) = 0 is not actuated and does not
correspond to any port. Figure 10(1) illustrates the

Algorithm 1: Initial Rounting
Input: A fold pattern G = (B,F ), a list A of na of

face ids ak corresponding to input ports, a
mapping s : F → {0, 1, 2, · · · , na} of folds
to ports, a width dc for the channels, and
width dp for the pouches

// Input Ports
1 AF ←

⋃
ak∈A{x ∈ R2|x in face ak};

// Initial Routing
2 E ← {(fi, fj)|fi, fj are edges of the same face in

the unfolding};
3 for each (fi, fj) ∈ E do
4 w(fi, fj)← Euclidean distance between

midpoints of fi and fj ;
5 end
6 for k ← 1 to na do
7 Tk ← PRIM((F,E), w, s, k)
8 end

input. Folds are shown in red, and cuts are shown
in black. Folds that are labeled with the same
number are to be actuated together. For example,
the two joints in the thumb are actuated together,
but they move independently of all other fingers.
The squares at the wrist and in the palm are the
input ports.

2) Initial Routing (Algorithm 1, lines 2–8).
Using these inputs, our system constructs a graph
G = (F,E) of the available space, where
E = {(fi, fj)|fi and fj bound the same face}.
Each edge (fi, fj) ∈ E has a weight w(fi, fj),
which is the shortest Euclidean distance between
the midpoints of folds fi and fj in the unfolding.
Then, for each input port ak, we use Prim’s algo-
rithm [31] to find the subgraph of G with minimum
total weight that spans all the folds in the group
(i.e., all folds fi such that s(fi) = k). The blue
lines in Figure 10(2) show the result of this step.
For all four fingers and the thumb, the distal joint
connects through the proximal joint and across the
palm to the input port at the wrist. On the other
hand, for the palm, both joints connect directly to
the input port.

3) Pouch Placement (Algorithm 2, lines 1–12).
For each fold in the input design, our system next
spaces out the channels that cross the fold. If
the fold is actuated, it calculates the maximum
length of the pouch li that will still allow other
air channels to cross the fold. In addition, pouches
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Fig. 10: Procedure for placing pouches and routing air channels on a fold pattern.

of width dp are drawn. In Figure 10(3), pouches
for both joints in the palm must be shorter than the
length of the fold to allow air channels to pass. On
the other hand, pouches in the finger joints can be
as long as the folds.

4) Channel Placement (Algorithm 2, lines 14–17).
Each channel is drawn so that it avoids crossing
over cut lines or colliding with pouches and other
channels in the design. Initially, every edge in the
tree Tk is converted into a straight line segment.
Then, we iteratively check over the segments of the
embedded tree T ek , adding vertices and segments
whenever an intersection is found. We take a
greedy approach, where the channels for one entire
actuation group are determined before proceeding
to the next group. In Figure 10(4), the air channel
leading to the palm was adjusted to curve around
the pouch in the palm and the cut line below it.

5) Path Generation (Algorithm 2, lines 18–21).
Finally, the routes for the air channels are thick-
ened to width dc and outlines for the combined
air channels (including pouches, input ports, and
routes) are produced (Fig. 10(5)). The drawing is
saved in DXF format for fabrication.

D. Digital Fabrication

With the DXF file, we can generate tool paths for
make a die for heat stamping, or controlling heat drawing
machine. We generated a computer numerical control
program (G-code) with CAM software for the computer
controlled fabrication.

Because of the unique setup of heat drawing machine,
a few calibration steps are necessary for the z axis to
adjust drawing forces. Following the calibration, codes
are loaded to the machine and pouches can be printed.

V. ROBOTIC APPLICATIONS

A. Miniature Pneumatic Control System

We developed a portable pneumatic control system
that consists of a miniature pump, tiny solenoid valves,
battery, and microcontroller unit (MCU) (Fig. 11).

Valves

Battery

Port 1

MCU
Miniature Pump

50
m

m

Port 2

Pouch 1

Pouch 2Solenoid Valves

Supply

Pump

Fig. 11: Left, the pneumatic circuit for controlling two
pouches individually. Right, the implemented portable
miniature pneumatic control system.

The system can share one pump for multiple pouch
motors. Two 2-way 3-ports valves are needed per pouch
to achieve the three states: pressure, vacuum, and close.
For the binary functions (supply/exhaust), the control
system only requires one solenoid valve per pouch.

B. Robotic Hand

We developed a several versions of life-sized robotic
hand (Fig. 12). The robotic hand can perform hand
gestures, and grasp a paper cup and a foam ball by
supplying air through the ports. Thanks to the compliant
joints, the hand can adapt to the object with irregular
shape such as human hand. A hand made of paper
board structure, with weight of 20ġ, had delamination
by the tension of the pouch. A hand made of acrylic
board structure, with weight of 80 g, has stable hinged
structure. Robotic hands are fabricated by using both



Algorithm 2: Pouch and Channel Placement
// Pouch Placement

1 P ← ∅;
2 for each fi ∈ F do
3 ni ← number of subgraphs Tk that contain fi;
4 if s(fi) 6= 0 AND fi does not bound face as(fi)

then
// actuated fi needs a pouch

5 li ← length(fi)− dcni − dp;
6 For all k s.t. fi ∈ Tk, set vki spaced along

fi, with distance li/2 between vs(fi)i and its
neighbors and the rest evenly spaced;

7 P ← P ∪
{
x ∈ fi|dist

(
x, v

s(fi)
i

)
≤ li/2

}
;

// pouch centerline
8 else
9 For all k s.t. fi ∈ Tk, set vki spaced evenly

along fi;
10 end
11 end
12 P ← {x ∈ R2|dist(x, P ) < dp}; // pouch area
13 for k ← 1 to na do

// Channel Placement
14 T ek ← ∅;
15 for each edge (fi, fj) in Tk do
16 Add to T ek a path from vki to vkj that does

not intersect B ∪AF ∪
⋃k−1
m=1 T

e
m;

17 end
// Path Generation

18 T ek ← {x ∈ R2|dist(x, T ek ) < dc};
// channel area

19 end
// Combined air channels

20 C ← P ∪AF ∪
⋃na

k=1 T
e
k ;

21 return boundary of C;

heat stamping and heat drawing method. Stamping the
actuator layer takes about 10 seconds, and heat drawing
takes about 10 minutes. We found no significant differ-
ence in performance of the actuators with two fabrication
methods in fixed pattern. The aspect ratio of the pouch
should be 1:2 or longer along the actuated edge to
obtain uniform cylindrical shape when inflated. We also
observed that the pouch that is slightly longer than the
length of the actuated edge can achieve larger torque
without peel off from the structure.

The miniature pneumatic control system can control
two groups of air channels. Tubing connects are attached
on the actuator layer by double-sided tape. We put
pneumatic tubes for fingers except thumb together and

link tubes for thumb and palm joints together. Fully
extended fingers can produce the force about 0.6 N on the
finger tip with the air pressure of 40 kPa. The maximum
range of motion for each joint is about 80◦ (Fig. 13).
The speed of the extension and flexion of the finger is
up to 1Hz with the portable pneumatic control system.
We conducted both programmed sequence of motion and
interactive movements based on the push buttons.

letter size board tubes

connectors

texture

hinged pouch motors

Fig. 12: The planar printable robotic hand driven by the
hinged pouch motors fabricated on a letter size board.
The hand can grip human hand, grasp a foam ball, and
hold a paper cup.

Fig. 13: The range of motion of the robotic hand. Light,
overall view. Right, side view of the thumb extension
and flexion.

We have tested our design algorithm on several con-
figurations of actuators and input ports for the robotic
hand (Fig. 14). All those samples are fabricated by using
the heat drawing method. Air channels are arranged so
that they do not cross over each other or over cuts in
the fold pattern. Comparing results show that the pouch
lengths are adjusted to accommodate air channels. Other
examples show different actuator groups; air channels
branch to simultaneously actuate multiple fingers.



Fig. 14: The computer-generated robotic hands design
with various options for the location of pneumatic ports.
These designs are functional and can be fabricated by
the heat drawing method.

VI. CONCLUSION

We propose a printable soft actuator that we term a
”pouch motor”. This planar pneumatically driven actua-
tor allows a streamlined design and fabrication process.
We provide both a semi-automated design process of
the pouch motors with air channels, and a fabrication
method based on heat bonding. The pouch motors can
be scaled up or down using different materials and
fabrication methods. The mathematical models of the
linear pouch motor and angular pouch motor can predict
measured values. We demonstrate the proposed design
method with a planar robotic hand with twelve pouch
motors. The system can provide a variety of air chan-
nels arrangements corresponding to the different user
inputs. Future work may encompass more complicated
3D structure and optimised design methods. Integration
of the sensing layer with feedback control is the next
step toward developing fully printable robots..
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