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ABSTRACT

in the design of pracirical grasping tools such as forceps or
grippers, it may be desirable to create a compact, lighnweight,
and easily manufactured tool. Origami inspirved designs can help
simplifv gripper manufacturing to a single planar sheet of mate-
rial while still allowing for deplovment and actuation. Inflatable
structures can reduce weight and be compacted. This paper ex-
plores the design of an inflatable, deplovable, action origami in-
spired gripper through the development of a predictive model,
profotype fabrication, and preliminary design assessments.

1 INTRODUCTION

Origami-based tool designs are advantages because manu-
facturing can be very simple while the resulting tool can be light
weight and compact. Origami is created by taking a single flat
sheet of paper in its initial state, folding various creases on the
sheet, then creating a three-dimensional object which is consid-
ered the final, deployed state. Two types of creases are used in
origami: mountain folds and valley folds. O’Rourke defined a
vertex as a point where multiple creases meet that is not not on
the boundary or edge of the sheet of paper [2]. The vertex is
classified by the degree or number of creases occurring at the
vertex. Origami can be considered a deployable mechanism be-
cause the structures can transform from one shape to another.
Some deployable mechanisms such as solar arrays or modular
robots have been designed as repeated sets of 1 degree of free-

FIGURE 1. Shafer’s chomper operates by folding the side vertices
backwards which causes the top and bottom vertices to close toward the
center [1].

dom (DOF) mechanisms [3]. In addition to repeating units, a
variation of origami can include a structure made of multiple lay-
ers also known as pop-up mechanisms [4]. Several studies have
evaluated deployable mechanisms as planar linkage mechanisms
where a large deployable structure is made of smaller 1 DOF
units [5,6,7].

While origami is the art of folding a flat sheet of paper from
the initial state to a final three-dimensional (3D) state, action
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FIGURE 2. The Oriceps forceps operates by folding the side flaps
backwards which causes the top and bottom flaps to close toward the
center [9].

origami is a 3D structure that creates motion in its final, deployed
state [8]. This subgroup of origami has also been referred to as
kinematic origami where relative motion of structural elements
are analyzed. One example of action origami is a sheet that has
been folded to a final state of a flapping crane then repetitive
pulling of the head and the tail away from each other generates a
flapping motion of both wings.

A classic action origami monster mouth called Shafer’s
chomper can be considered the basis for a gripper design, Fig-
ure 1. As the sides of that mouth move, the top and bottom
of the mouth begin to close toward each each other. Oriceps
is another origami-based forcep design, Figure 2. From a sin-
gle sheet of paper, the folded Oriceps configuration is able to
clamp as a forcep similar to the way Shafer’s chomper closes.
A single input force is applied to the center panel that creates
a pushing and pulling motion which causes the forceps to close
and open [1]. Edmonson et al. evaluated various prototypes to
optimize mechanical advantage, mechanism selection, material
suitability, scalability, and stiffness [9]. Oriceps is a more com-
plicated forcep design that has more vertices than Shafer’s chom-
per. Both action origami structures can be created from a single
sheet of paper and actuate in the final, deployed state.

Various deployable structures have been based on origami
folding. The key benefit of deployable origami structures is the
ability of a single sheet of material to be folded into a functional
tool. In other words, deplovable origami allows for simple man-
ufacturing plus a compact-able, functional device. In one study,
the prototype of a novel, 3D printed, deployable origami wheel
with adjustable diameter was evaluated [10]. Similarly, various
materials such as plastic, thin steel plates, and fabric were used
to design deployable circular structures using zigzag folds [11].
Various folds used to compact a flat structure were assessed in

another study [12]. None of the deployable structures referenced
in this paragraph were inflatable.

Inflatable bladders are also used as a type of deployable
structure. The benefits of inflatables are the light weight struc-
ture, compactness, and the ability to modify structural stiffness.
Single and parallel-connected inflatable fabric beams for a float-
ing causeway demonstrated that structural stiffness was depen-
dent on internal pressure, beam cross-section, and beam length
[13]. Inflatable bladders have been used in architecture of var-
ious buildings. For safety, deployable car airbags, locomotive
cab interior padding and restraints, deicing bladders for truck
rooftops, and tsunami airbags have all been designed and as-
sessed [14, 15, 16]. Other deployable structures include: rigid
inflatable boats, bridges, causeways, inflatable airships, space
structures, and launch and recovery systems. Inflatables have
also been scaled down for medical devices where a asymmet-
ric balloon pattern was used to influence the folding pattern of a
stent [17].

Some inflatable and deployable structures exhibit motion
in their final state similar to action origami. One example is a
portable patient lift system for assistant living homes [18]. An-
other study evaluated networks of inflatable tubes with different
deployment methods such as: rolling, zigzag folding, modified
zigzag folding, and spiral folding. [19]. One inflatable device
incorporated both inflatable and deployable mechanisms with
origami in an inflatable space antenna using origami zigzag fold-
ing pattern [20].

More complex inflatables such as robots have been evalu-
ated. One mobile, hermetically-sealed, shape-changing robot
was designed for exploration and penetration of narrow spaces
[21]. For most inflatable robots, the rigid link of the robotic
arm was replaced with a more lightweight inflatable vessel
[22,23,24,25]. One polyethylene inflatable robotic arm design
used a non-inflatable joint structure for high positioning accuracy
and used a pneumatic bag actuator for motion [24]. Similarly
pouch motors were used to actuate an acrylic hand and plastic
robotic arm [26,27,28]. In other research a multi-chamber in-
flatable gripper with a combination of both inflatable and rigid
elements was also evaluated [29].

More exploration is needed on inflatables that exhibit motion
in the final deployed state. To the authors’ knowledge, no ac-
tion origami based gripper comprised of various inflatable cham-
bers with nonrigid elements has been developed or evaluated.
This paper explores the novel design concept of two different ac-
tion origami-inspired grippers with both inflatable, deployable,
action-origami properties that allow for a compact, light weight,
and easily manufactured tool for various grabbing and moving
applications. Prototypes were fabricated and assessed and pre-
dictive kinematic models for the grippers were developed verify
origami motion.
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FIGURE 3. A spherical four-bar mechanism with input angle 8 and
output angle y [30]. The points A and B move on concentric spheres
about the orign.

2 METHODS
Kinematic Model

Inthis papet, the kinernatic grippers are epresented by ideal
rigld body models. Folds are modelled as revolute joints and
facets between folds are modelled as rigid links. A single vertex
in the gripper stmictire is modeled as a spherical mechanism and
constraints around a vertex ate represented by a series of rmatri-
ces.

The position of the vertices are analyzed as each structure iz
actuated. The chomper is represented as an open chain, coupled
spherical mechanism. The spherical mechanism at one vertex is
rnodeled. Then, the spherical mechanism around the second ver-
tex of the chomper i created by making a copy of the first vertex,
translating the origin by a unit length of 1, then rotating the ori-
entation by 180 degrees, Figure 4. The Oricep is represented as
closed systern, non-periodic spherical mechanism. Half of the
stmichare is represented by modelling spherical mechanisms at
two vertices. Due to the symimetry of the Oriceps structure, the
metion of the the two spherical mechanisms can be mirrored to
represent the full Oriceps structurs, Figure 5.

Starting at one vertex of the chomper, the otientation of the
spherical mechanism is defined by naming the vertex e. Follow-
ing [30], we define the azes of O, A, B, and C of a spherical
quadrilateral closed chain linkage as unit vectors originating at
¢ and ending at the revolute joints of each link [#]. The ground
link is OC, the input link iz OA, the coupler link, AB, and the
output link CB. The input angle 8 iz the dihedral angle that de-
fines the rotation of the input crank around the line ¢O while the
output angle y is the dihedral angle that defines the rotation fo
the output crank about the line teC, Figure 5.

The sides of the spherical four bar linkage can be defined by
the angles,

o =arccos{({A—¢)-{0—¢), 8 =arccos{(B—¢)- (C—¢),
y=arccos{{C —¢)-(0—¢), 11 = arccos{(B—e)-(A—c). (1)

The angular dimension i between the moving axez A and B
of a spherical 4R linkage is constant throughout the movernent
of the linkage. This provides the constraint equation

(A—c)-(B—e)=A, B, =cosn, (2)

which we use to determine the output angle y as a function of
the input angle 6.
The coordinates of A and B relative to ¢ are given by

cosfsin o cosyYcosysinf +sin yeos
A;= ¢ smésina B, = sinysin )]

oS —sin Yeosysin f +cos Yoos ff

Substitute this into (2) to obtain

cosd sin ¢ (cosyoos wein f +sinycos §)
+einfsinceinysin
+oosa(—sinycosysinff 4+ cosyoos f) = cosn, (43

where sin and cos denote the sine and cosine functions. Col-
lect the coefficients of cos y and sinyy in this equation, so this
constraint equation takes the form

Al cosw+ B(B)siny+C(0) =0, (5)
where

A(8) =cosBein¢tcosysinfi — cos e sinysinfi,
EB(B) =sinBsinasing,
C(6) =cosBsinasinycosf +cos@cosyeos ff —cosnp  (6)

This equation has the solution given by

B -
wi0) = arctan (E) 4 arccos (W) ; (7

Netice that there are two output angles  associated with each in-
put angle 8. These result from the fact that the spherical triangle
MABC can be assermbled with B on either side of the diagonal
AC. The angle 8 = arctan(B/A) locates the diagonal AC, and
e = arccos(—C /+/A? + F?) iz the angle above and below this di-
agonal that locates the driven crank., The relationship between
the input and cutput was caloulated using Mathematica and the
model for each pripper is shown in the results section.
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TABLE 1. Link angular dimensions for Shafer’s chomper and Ed-
monson’s Oriceps.

Forcep design || o 7 ¥ B
Chomper F0° | 110° | 110° | 70°
Oriceps 90° | 73° | 107° | 90°

FIGURE 4. T.ocation of the coordinate frames for placement of the
model spherical linkage in the analysis of Shafer’s chomper.

Prototype Fabrication and Assessment

The prototypes for both the chomper and Oriceps inflatable
grippers were manufactured from two sheets of heat sealable
coated oxford fabric (Seattle Fabrics, Seattle, WA). An outline
of the origami facets were traced onto the fabric. Vinyl cement
(HH-66, RH Products, Acton, MA) was used to fuse the two
layers and create facets or panels to make up the origami struc-
ture. Thick adhesive tape was used to reinforce the edges of each
facet in the origami-based structure and also connect the facets
together. Although various stiff materials and methods of rein-
forcing the facets were tested, thick adhesive tape was flexible
and still allowed the structure to compact.

Tubing was inserted into each facet to allow for inflation
by an air pump (Chamvis T-388 Electric Air Pump) . Cross-
sectional geometry was reduced by adding a single stitch using
upholstery thread at 2 inches along the center of largest facets.
Valves were included to control air pressure to each tube in case
of over-inflation, unintended deformation, or structural damage
to each facet.

A three point bend test was used to assess the structure of the
grippers. Since both grippers are symmetric, only the bottom half
of each entire gripper was evaluated. The gripper was inflated in
a flat, unfolded position. The bottom portion of the gripper to

FIGURE 5. Location of the coordinate frames for placement of the
model spherical linkage in the analysis of Oriceps.

Applied Force
Deflection

Gripper

Midsp 1/

FuII Span

FIGURE 6. Three Point Bend Test Schematic.

be tested was supported 1 inch from the distal edge of chomper
mouth or Oricep bottom edge. Toward the center of the chomper
mouth or Oricep gripper, a second support was secured 1 inch
from the facet edge. Weight was applied to the inflated structure
in the exact center of the two supports (see Figure 6). Load and
deflection were tested three times then plotted and shown in the
results section.
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FIGURE 12, Criceps 3D eonfizntation,
FIGURE11. Shafer's chomper 3D confignration.
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FIGURE 13. Structural assessment of deflated chomper.
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FIGURE 14. Structural assessment of inflated chomper.
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FIGURE 15. Structural assessment of deflated Oriceps.
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FIGURE 16. Structural assessment of inflated Oriceps.

to the deflated state. The Oriceps was able to support 212% more
applied load in the inflated state than the deflated state. The ge-
ometry and design of the chomper panels led to more wrinkling
in the inflated state. In a previous study, the impact of wrinkles
was reflected in the nonlinear segments of the load-displacement
curve and drastically increased deformation [13]. It is likely that
this wrinkling in the chomper led to decreased ability to support
heavier weight in the inflated state. More work will be done to
minimize wrinkling of each gripper panel.

The authors plan to develop additional prototypes and fur-
ther characterize gripper performance. In the next generation
prototypes, fabric with greater thickness will be assessed to see if
wrinkling can be minimized. The relatienship between internal
pressure and rigidity will also be characterized. Additional per-
formance characterization can be applied as the model is scaled
up or scaled down since the geometry and size of each inflated
panel impacts inflation, and ultimately deformation under ap-
plied load. Two different methods of actuation will be applied:
pulley blocks and pneumatic bag actuators modeled after existing
inflatable actuation will be evaluated [22,24].

5 CONCLUSIONS

Extensive research has been done on origami, action
origami, deployable mechanisms, and simple inflatable vessels,
but no study has evaluated gripper designs based on the combi-
nation of deployable, inflatable, action origami-inspired mecha-
nisms. [n this paper, a novel compact, lightweight, and easily
manmufactured gripper was fabricated, assessed, and motion was
compared to a predictive model to report preliminary prototype
results. Although more design refinement is required, this paper
provides a preliminary assessment and further insight into de-
sign improvements for a deployable, inflatable, action origami-
inspired gripper
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