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TWISTER Hand: Underactuated Robotic Gripper
Inspired by Origami Twisted Tower

Kiju Lee

Abstract—This article presents a new cable-driven underactu-
ated robotic gripper, called TWISTER Hand. It is designed for
adaptable grasping of objects in different shapes, weights, sizes,
and textures. Each finger of the gripper is made of a compliant
and continuum mechanism inspired by an origami design. This
design is converted into a computer-aided design (CAD) model and
3-D printed using flexible and rigid polymer composite materials.
Two CAD modeling methods for this design are compared in terms
of structural stiffness and durability in the printed outcomes. For
each design, two soft materials are used for preliminary evaluation
of the material effect in these properties. The best combination of
the model and material is selected to fabricate the three fingers
of the robotic gripper. Each finger has a single cable routed along
the structure. All three cables are tied and actuated simultaneously
using a single servo motor to generate closing and opening motions
in the gripper. TWISTER Hand’s adaptable grasping capability is
tested using 36 different objects. The robot’s grasping performance
under object pose uncertainties is also experimentally tested and
analyzed. This compact fully integrated gripper can be attached to
a robotic arm for various manipulative tasks.

Index Terms—Underactuated robotic gripper, continuum
mechanism, semisoft robotic hand, 3-D-printed robots.
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Fig. 1. Underactuated cable-driven robotic gripper with three compliant fin-
gers fully open (left) and closed (right).

I. INTRODUCTION

NEW underactuated robotic gripper, called TWISTER
Hand (see Fig. 1), presented in this article consists of three
3-D-printed compliant fingers. The finger mechanism is inspired
by an origami twisted tower designed by Mihoko Tachibana.
This origami structure is formed by stacking multiple octagon
layers together. An n-layer tower requires 24 + 16(n — 1)
origami segments to be folded and assembled. It generates
continuous bending, twisting, and linear motions via structural
reconfiguration, and its linear extension-to-contraction ratio
can reach over 4:1. Utilizing these unique structural properties,
twisted towers were used for various robotic applications, in-
cluding reconfigurable origami wheels [1], a crawling robot [2],
and a robotic manipulator arm [3]. In particular, the three-finger
robotic manipulator presented in [3] used the hand-folded
twisted towers for its arm and fingers, demonstrating object
manipulation capabilities. Despite its potentials demonstrated
by these works, hand-folded origami exhibits inconsistency
in design outcomes and limitations in achievable compliance
levels. In addition, the dexterity of human hands poses great
challenge in folding complex and miniature origami shapes.
Although there have been some efforts to develop automated
systems for origami folding, their capabilities were limited
to simple folding patterns and thus not suitable for complex
origami designs, such as the twisted tower [4], [5].
To preserve the unique structural reconfigurability of the
origami design, the surfaces must remain rigid, while the
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creases—where bending occurs—must be flexible to enable
kinematic motion. 3-D printing using flexible and rigid materials
is considered a uniquely suitable method to fabricate such a
complex structure. In our recent work, the origami twisted tower
was successfully converted into a 3-D-printable computer-aided
design (CAD) model (Model I) [6], [7]. While the outcome well
preserved the original twisted tower’s kinematics and demon-
strated technical feasibility of automated fabrication, Model I
was too fragile for applications involving frequent external
impact or direct physical contact.

Building on our prior work, this article presents a new design
method (Model II) for this mechanism with improved struc-
tural properties. The new design method was experimentally
tested for its durability and stiffness compared to Model I.
For preliminary evaluation of material effect, two different soft
materials (i.e., TangoPlus and Agilus30) were used to print
sample structures for each model. A combination of Model Il and
Agilus30 resulted in the best performance in terms of durability
and stiffness, and was used for fabricating the fingers of the
gripper.

Fully assembled, TWISTER Hand is an underactuated
semisoft robotic gripper with a single servo motor that generates
closing and opening motions simultaneously in all three fingers
(see Fig. 1). It is equipped with a wireless communication
module (i.e., XBee) for remote control. With the potential of
integrating a video camera at the bottom of the finger-mounting
chassis, it is possible to achieve fully autonomous grasping
operation. The gripper’s dexterous and adaptable grasping ca-
pabilities via compliant structural properties are demonstrated
through physical experiments involving objects in different
sizes, shapes, weights, and textures. Further experiments on
grasping performance under object pose uncertainties were also
conducted, and the results are presented.

Main technical contributions of this article include the
following:

1) design methods for 3-D-printable foldable structures
based on rigid surfaces and flexible creases that are ap-
plicable to other designs;

2) experimental evaluation of the effect of design and mate-
rials in a 3-D-printed twisted tower structure;

3) development of a highly compact and fully integrated
semisoft robotic gripper actuated by a single cable-servo
mechanism;

4) experimental evaluation of the gripper’s grasping perfor-
mance for a variety of objects;

5) experimental evaluation of the gripper’s grasping capabil-
ities under object pose uncertainties.

II. RELATED WORK
A. Origami in Robotics

Traditional rigid robotic systems have been successfully used
for various applications for more than half a century. However,
they have not fully met the needs for certain situations, which
may involve: 1) unknown, dynamic, and crowded environments;
2) unspecified tasks or workspace; and 3) tasks involving close
interaction with humans or fragile objects. Origami structures

show unique coexisting properties of flexibility and rigidity,
which can lead to breakthroughs in addressing these chal-
lenges [8], [9]. Depending on the materials and folding patterns,
origami can create a robust yet flexible structure that can endure
external impact in crowded environments, while also being safe
for close interaction with humans.

In robotics communities, a particular interest has been fo-
cused on action origami, referring to the origami designs that
can exhibit motion via structural reconfiguration [10]. Engi-
neering applications of action origami include miniature sur-
gical tools [11]-[13], actuators [14]-[17], wheels [18]-[20],
antennas [21], [22], batteries and capacitors [23], [24], shelter
system design [25], crash boxes and other energy absorption
devices [26]-[28], and large space robotic applications [4]. For
example, an origami design called magic ball was used for
floating aerial robots to provide buoyant force on water when
inflated and shrink to reduce energy consumption in the air [29],
[30]. Another interesting body of work focused on realizing
self-folding in a flat engraved or precut sheet integrated with
shape memory alloys (SMAs) or shape memory polymers [31]—
[35]. While most of these existing works focus on origami-based
designs, i.e., converting from a 2-D material/structure to a 3-D
mechanism, TWISTER is inspired by origami but no longer an
origami design. It is a 3-D configurable structure.

B. Soft Robotic Hands

Advancement in synthetic materials has enabled engineers to
use soft materials in the robots, aiming to reduce mechanical
and algorithmic complexities [36]. Due to dexterity required for
object manipulation, in particular for irregular or fragile objects,
soft robotic grippers have opened a new era in the field. Inspired
by an octopus arm, a long soft structure, typically actuated by
pneumatic devices [37] or SMA artificial muscles [38], could
act as both the manipulator and the grasper at the same time.
Another interesting design of a soft robotic hand is a ball-shaped
universal gripper [39], [40]. Built with a granular material, it
can adapt to shapes of objects and change its stiffness to grasp.
Another recent soft robotic gripper consists of a main frame with
two identical 3-D-printed compliant fingers, which are actuated
by a gear motor on a moving platform [41]. RBO Hand 2 is
equipped with five fingers using PneuFlex actuators demonstrat-
ing dexterous and compliant grasping capabilities [42]. With its
multiple-degree-of-freedom (DoF) design, this robot achieved
31 out of 33 postures from human grasp taxonomies.

Many existing soft robotic grippers are actuated by
pneumatic-based actuators and typically exhibit robust grasping
with relatively low control complexity [42]-[46]. Pneumatic-
based actuation is often combined with force-based sensors to
control the contact forces during object grasping [42], [47],
[48]. Some recent works showed improved grasping perfor-
mance by implementing tunable stiffness in soft fingers by
adjusting pressure in double-sided chambers [49], additional
suction force by arranging gecko-inspired adhesives on finger
surfaces [50], and finger topology optimization [51], [52]. In
spite of their technical advantages (i.e., high load bearing and
simple control), pneumatic actuation requires bulky accessories,
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which are not desirable for compact fully integrated/embedded
applications.

C. Underactuated Cable-Driven Robotic Grippers

An underactuated robotic gripper aims to achieve adaptable
object grasping at low cost and low complexity [53]. It often
combines soft materials with cable-driven actuation in order to
overcome lack of DoF via structural compliance. A “backbone”
structure is commonly employed for such mechanisms. This
design consists of two layers: a rigid layer on the back serving
as bones and a soft layer in front connecting these bones.
Given objects with specific shape and size, the fingers provide
sufficient grip force, limited only by motor torque and finger
material strength [54]-[56]. Some other designs include under-
actuated robotic fingers using individual phalanges connected
by flexible joints based on either pulley—spring couples [57]
or shape deposition manufacturing (SDM) joints made from a
viscoelastic flexure material [58]. These finger designs allow
the robotic grippers to achieve stable precise object grasping by
topology optimization of phalange shape [59]. By combining
series-elastic actuation and individual joint locking, the maxi-
mum pullout forces could be increased [60], [61]. By installing
rotatable hubs for specific fingers, in-hand repositioning tasks
could also be achieved [62].

The primary difference of TWISTER Hand from existing
underactuated soft robotic grippers is its compliance achieved by
actively controlled bending and passive twisting in the fingers.
The design features rotational symmetry; thus, maintains the
same physical contact with an external object even when the
finger is twisted. Such an additional degree of compliance makes
iteffective in fragile and irregular object grasping. In addition, its
well-defined kinematics enables potential applications in precise
motion control. While the current robot uses a single servo motor
to actuate the cables in all three fingers, achieving a higher DoF
is also feasible via alternating cable-routing schemes and using
multiple actuators.

III. DESIGN AND EVALUATION OF THE TWISTER MECHANISM

TWISTER Hand consists of three fingers that are based on the
TWISTER (TWISted TowEr Robot) mechanism [6], [7]. The
structural properties of TWISTER are summarized as follows.

1) Continuum: Bending, twisting, and linear motions are
achievable via a structural reconfiguration.

2) Compliant: Structural flexibility allows shape deforma-
tion in response to external forces. The level of compliance
may be customized by selecting materials with desired
flexibility.

3) Reconfigurable: It can exhibit more than one control mode
and be embodied into different types of robots.

4) Scalable: It achieves scalability in two aspects—physical
scalability by selecting dimensions and the number of
layers and kinematic scalability by selecting a specific
regular polygon which determines the kinematic ranges
of motion.
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Twisting

Fig. 2. Twisting motion in a single layer of (top) the octagon-based tower and
(bottom) a hexagon-based tower.

A. Kinematics of the TWISTER Mechanism

For better understanding of the mechanism, kinematics of
the TWISTER mechanism is briefly reviewed here [3], [7]. A
special geometric construct of the twisted tower allows linear
and bending motions via twisting in each layer. In the origami
twisted tower design, each layer consists of eight interconnected
cells, where each of them is formed by four congruent isosceles
trapezoids. The extension lines of the nonparallel edges of the
trapezoids coincide at a single point P, i.e., geometric centroid,
allowing the layer to fully collapse by twisting [see Fig. 2(top)].
This original design uses regular octagon as the base geometry,
resulting in —7/4 + €9 < 0 < /4 — €y, where 0 is the twist
angle and ¢y is associated with a small unreachable angle due to
wall thickness in the tower.

This unique geometric property has inspired kinematic diver-
sification of the design. Any regular polygon with m sides, where
m > 3, can be selected for a desired range of twist angle, such
that —27/m + €9 < 0 < 27 /m — €. Fig. 2(bottom) shows a
design using a regular hexagon as the base geometry. Selection
of a specific polygon not only determines the range of twist angle
(6), but also defines the maximum bending angle (¢) within the
layer. Such properties makes TWISTER a geometrically well-
defined mechanism, whose kinematic workspace is uniquely
determined by the selected geometry and physical dimensions
(e.g., edge length and number of layers in a tower).

Virtual planes defined by the outer edges of the polygon
do not change during twisting or bending. This allows us to
describe the structure configuration using traditional rigid-body
kinematics. Fig. 3 shows kinematic parameters used to describe
transformation from the bottom to the top plane in the ¢th layer.
The coordinate frame is attached at the center of the bottom plane
[see Fig. 3(a)]. Itis assumed that the linear displacement between
the top and bottom planes within a layer is first applied, and
then, bending toward a specific direction takes place. As shown
in Fig. 3(b), the twisting angle 0; results in a screw motion in
keeping the top and bottom planes parallel to each other. The
resulting linear distance between the top and bottom planes is
given by

mh
g 1
li=h o 16;] (1)
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Fig. 3. Side views of a single tower layer, along which the bending occurs.
(a) When the layer is fully stretched, the distance between the top and bottom
layers is the same as the length of a side of a selected polygon. (b) Twisting
the top layer by 6; results in a linear displacement, ;. (c) While keeping /;
constant on one side, bending (¢;) is applied to the other side. (d) Maximum
bending ¢7"#* is achieved when the top and bottom plates coincide with a small
distance between the two caused by structure thickness, 4. Figures are adopted
and modified from [3].

where h is the height of the vertical walls as well as the length of
a side for an m-sided regular polygon. When 6; = +(27/m —
€9 ), 1.e., the top and bottom planes are fully collapsed, /; becomes
the minimum, and this value is calculated as

€4 = —m—h(%—eg). 2)

Bending between the top and bottom planes may occur toward
any direction, such that 0 < a; < 27. The bending angle ¢; is
limited to 0 < ¢; < ¢;"**, where ¢;*** can be obtained by

I —

P = 2sin ( L 6d) . 3)
47’1

ry is a design parameter, i.e., the radius of the inscribed circle

for the outer polygon. The translation along the z-axis from the

(i — 1)th frame to the ith frame can then be calculated by

di = lz — 2T1 sin <%> . (4)

Fig. 3(c) and (d) illustrate bending applied toward or; = 0. When
itreaches ¢;"**, one side maintains the distance between the top
and bottom plates at [;, while the other side results in the min-
imum distance, €¢4. Finally, the corresponding transformation
matrix using the above parameters can be calculated by [7]

R; p;
T; = g 3
where
sBisa; + cBicaicg; cBichisa; — sPicay cfisg;
R; = | sBicaicd; — cBisay cBicay + sBicgisay sPisg;
—CQSO; —50;5P; co;
and
dis%cﬂi
7= | dis%spB:
dlcj
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Fig. 4. Kinematic workspace of three ten-layer TWISTERs, using octagon
(green), hexagon (blue), and square (red) as the base geometry with a fixed
bending direction, o = 7. The top end of the tower is fixed at (0, 0), and the
reachable positions of the bottom end of the towers are plotted. Boundaries are
marked with “x.”
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Fig. 5.  Two CAD models. (Left) Model I. (Right) Model II.

For n layers, the composite transformation is given by 7' =
IT{_,T;. Depending on how the structure is actuated, the com-
posite transformation can be further simplified as demonstrated
for the octagon-based TWISTER structure in [3]. Fig. 4 shows
a 2-D plot of kinematic workspace of a ten-layer TWISTER
(n = 8) based on octagon (m = 8§, shown in green), hexagon
(m = 6, shown in blue), and square (m = 4, shown in red) as
the base geometry. Specific parameter values used are b = 1.7,
€q = 0,and r; = 1. We note that the fingers used the mechanism
with m = 6 and n = 8, shown in blue in Fig. 4.

B. CAD Modeling

CAD modeling first uses four design parameters to determine
the overall dimensions [7]:

1) m.: the number of edges of a selected regular polygon, i.e.,

m > 3;

2) n: the number of layers in a tower;

3) ry: the radius of the inscribed circle for outer polygon;

4) ro: the radius of the inscribed circle for inner polygon.

Based on these four parameters, two different CAD mod-
els of TWISTER (i.e., Models I and II) are presented (see
Fig. 5). Model I used four distinct groups of components:
rigid walls (i.e., trapezoidal-shaped components that support
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the structure), soft hinges that connect adjacent walls between
two layers, soft splines that connect three adjacent walls, and
rigid caps that provide flat covers for both ends of the tower
structure [see Fig. 5(left)]. To print out the entire mechanism
as a single structure without requiring subsequent assembling,
grooves were created in rigid components to result in a secure
interface between soft and hard components during the printing
process. Walls are connected to hinges and splines with sufficient
clearance to ensure unhindered movement. The cap provides
a flat surface for interfacing with other hardware components,
such as control modules and sensors. Based on these four
components, a fully assembled twisted tower was designed in
a commercial CAD software, as shown in Fig. 5(left). Flex-
ible components are shown in black and rigid in translucent.
While this model successfully demonstrated the feasibility, the
structure was not durable for a long-term use, and repeated
bending inevitably resulted in cracks in soft components, par-
ticularly in the splines where the most significant deformation
occurs.

Model II takes a different design approach. As shown in
Fig. 5(right), instead of exposing all rigid components as in
Model I, the walls and caps in the previous design were converted
into rigid inserts in a single soft enclosure, which takes on the
combined role of hinges and splines as in Model I. This design
modification was intended to better preserve the printed model
by removing the sudden transition from flexible to rigid material,
especially for the splines where most cracks initiate. In addition,
this design change opens up the possibility of utilizing the soft
material, not only for its flexibility, but also for the friction it
provides to interact with the environment or objects. Compared
to Model I, the flexible enclosure in Model II now constitutes
a much larger portion of the design, while the walls and caps
still play a critical role when the structure reconfigures, as they
geometrically restrict the deformation in flexible components
and guide the kinematic motion in the structure. Depending on
the need, the size of the rigid wall inserts can be easily adjusted
to vary the amount of deformation allowed in each layer. For
example, smaller walls would allow more deformation in the
soft component, which, in turn, would result in higher overall
flexibility in the structure.

C. Sample Preparation and Fabrication

To compare the two design methods, two-layer samples using
Models I and IT were 3-D printed for structural stiffness and
robustness testing. While material engineering and optimization
is not within the scope of this article, two different soft materials
(i.e., TangoPlus and Agilus30) were used for each design to
observe the material effect. Considering the expected “folding”
motions at splines and hinge areas, two most flexible materi-
als among all available materials from the manufacturer were
selected. Table I shows properties of these two materials [63].
Agilus30 appears to have higher tensile strength and tear resis-
tance while also being more flexible. These property differences
are also verified via stiffness and fatigue testing presented later
in this subsection.
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TABLE I
MATERIALS DATA FOR THE TWO SELECTED SOFT MATERIALS
Unit TangoPlus | Agilus30
Tensile strength Mpa 0.8-1.5 24-3.1
Elongation at break % 170-220 220-240
Shore A hardness Scale A 26-28 30-35
Tensile tear resistance kg/cm 2-4 5-7
TABLE II

MODEL TYPE, SOFT MATERIAL, VOLUME (cm3), AND BUILD
TiME (HOUR) FOR THE FOUR TWO-LAYER SAMPLES

Sample no. | CAD Model Material Volume | Build Time
1 I TangoPlus 22.24 6.47
2 I Agilus30 22.24 6.47
3 1T TangoPlus 22.84 5.83
4 II Agilus30 22.84 5.83

1
1
1
'
|
1
1
1
1
1
1
1
|
1
1
1
1
1
|

N

/
N
N

Fig.6. Four sets of parameters that define the dimension of the spline structure:
71,72, D, and R. These four parameters determine the shape and volume of the
spline.

Four samples used for testing include Model I using
TangoPlus (flexible) and VeroWhite (rigid), Model I using
Agilus30 (flexible) and VeroWhite, Model II with TangoPlus
and VeroWhite, and Model II using Agilus30 and VeroWhite.
These samples were fabricated by the Objet350 Connex3 3-D
printer from Stratasys. Total volume and printing time for each
two-layer sample are shown in Table II. To compare the two
design methods and soft materials, other possible variables were
kept as consistent as possible between the two models. Four sets
of key parameters, shown in Fig. 6, are identified and explained
as follows. The four samples were created while keeping the
following parameters exactly the same.

1) 71 and ry: the radius values of the inscribed circles for
the outer and inner structures, respectively. The distance
between two corresponding vertices of the two octagons
defines the longitudinal length of the splines.

2) Wall-to-wall distance (D): a spline connects three adjacent
walls. In Model I, the spline is an individual component
that bridges the gaps between the rigid walls; in Model II,
the spline is inseparable from the holistic soft enclosure,
yet the region in between three adjacent walls is essentially
filled by the spline. The wall-to-wall distance defines the
transverse length of the splines.
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After testing

Fig. 7. Four samples (top) before and (bottom) after 1000 sinusoidal cycles:
Samples 1 and 3 using TangoPlus showed visible damages on spline areas, while
Samples 2 and 4 using Agilus30 remained intact.

3) Spline thickness (7'): the thickness of the spline gives
the third dimension that is needed to determine the total
volume of a basic spline.

4) Fillet radius (R): fillets are created uniformly at locations
of right angles on the splines. It has been observed that
while the fillets alleviate stress concentration during load-
ing, their size will affect the flexibility of the structure
during twisting and bending.

D. Stiffness and Durability Testing

The 3-D-printed samples were tested with an Instron servo-
hydraulic testing machine (Model 8501) to measure stiffness and
fatigue in the printed structures due to repeated compression over
time. A total of 1000 sinusoidal cycles with 1-Hz frequency and
15-mm amplitude (30-mm stroke) were induced on each sample,
and a 250-1b load cell was used to record relevant data at each
cycle. During testing, the room temperature is 22.8 °C with 13%
relative humidity.

Fig. 7 shows the samples before and after testing. Fig. 8 shows
the stiffness and fatigue testing results. The effect of different
CAD modeling methods was examined by comparing Samples 1
and 3 and Samples 2 and 4. After 1000 cycles, Sample 1 suffered
34.7% and 39.5% decrease, while Sample 3 showed 20.0%
and 33.5% decrease in loading and unloading stiffness values,
respectively. Sample 2 showed 11.9% and 20.1% decrease, while
Sample 4 experienced 8.14% and 18.8% decrease in loading
and unloading stiffness values, respectively, after 1000 cycles.
In addition, for each soft material, Model II showed higher
overall stiffness and suffered less from fatigue than Model I.
In terms of materials, TangoPlus shows great variability, as its
stiffness properties changed throughout the experimental cycles
and resulted in visible damages. Agilus30, on the other hand,
behaved much more consistently and remained intact after test-
ing. Based on these results, Model II with Agilus30 was selected
for fabricating the fingers of the presented robotic gripper.
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Fig. 8. Results from the loading and unloading tests for the four samples.
(a) Model I with TP: Stiffness. (b) Model I with TP: Fatigue. (c) Model I with
AG: Stiffness. (d) Model I with AG: Fatigue. (e) Model II with TP: Stiffness
(f) Model II with TP: Fatigue. (g) Model II with AG: Stiffness. (h) Model II with
AG: Fatigue.

IV. DEVELOPMENT OF A ROBOTIC GRIPPER

TWISTER Hand is a one-DoF robotic gripper with a simple
closing/opening operation. Taking advantage of their compli-
ance, the fingers can effectively deform around an object—
which may be irregular and/or fragile—without force feedback.
The special geometric design allows the fingers to maintain
proper contact with the object even when the fingers are twisted
to adapt to the object’s shape. The three fingers are evenly
placed in a circular pattern on a chassis, which contains a pulley
mechanism for pulling and releasing the cables from the fingers
using a single servo motor. Fingers, chassis, and pulley were
3-D-printed using Objet350 Connex3.

A. Fingers

Each finger was 3-D printed using the Model II design with
m=06,n=28,r; =28.39 mm, and 7o = 12.12 mm. Each fin-
ger weighs about 13 g. The total length is 129.95 when fully



494

(a)

Fig.9. Final CAD drawing and printed outcome. (a) CAD model of TWISTER
with embedded holes for routing cables. (b) Printed structure with cables routed
diagonally. (c) Structure with cables routed in a zigzag pattern.

extended and 32.00 when fully contracted. Slots and holes were
created on the walls and top and bottom caps of each finger
for routing cables. The fingers were fabricated using VeroWhite
(rigid) and Agilus30 (soft), which were also used in the two-layer
samples for fatigue and stiffness testing.

Fig. 9(a) shows the actual CAD model used for the finger,
and Fig. 9(b) and (c) shows how cables can be routed to gen-
erate linear and bending motions. In Fig. 9(b), two cables were
routed diagonally resulting in continuous twisting during linear
contraction. In Fig. 9(c), the cables are routed in a zigzag pattern,
resulting in pure translation between the bottom and top layers
for a tower with an even number of layers. For the presented
robotic gripper, a single cable was routed in the zigzag pattern
for each finger to generate bending motion.

The entire fabrication process for each finger takes around
8.5 h from start to finish. Only minimal human intervention
(<10 min) is required during this process, such as setting up
the file and machine for printing and placing and retrieving the
printed structure from the lye bath. Advantages of Model II over
Model I were also observed in the fabrication process: Model I
often showed cracks or premature deformation in its components
after removal of the support material, while Model II resulted in
significantly more consistent outcomes with the same fabrication
equipment and procedures.

B. Cable-Driven Actuation and Grasping Force

For the conceived robot embodiment, one DoF is considered
sufficient for simple closing and opening operations. Validation
of cable-driven actuation was focused on testing pulling force
required for bending the structure and contact force generated
by the TWISTER mechanism.

For the bending experiment, a simple acrylic testbed was
constructed. As shown in Fig. 10, the finger with a cable was
installed on the box frame. A ruler was mounted on the top
of the frame to measure the pulling distance. The end of the
cable was tied to a spring pull force gauge and pulled vertically
from the top. Pulling force, pulling distance, and bending angle
were measured simultaneously. Ten readings were recorded at
each distance, and the average and standard deviation were
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Fig. 10. Bending angle versus pulling distance and pulling force. The test
set up included a clear box frame with a ruler. The cable from the finger was
connected to a spring pull force gauge and pulled from the top.
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Fig. 11.  Pulling force [N] versus pulling distance [cm].

calculated. Fig. 11 shows that the pulling force gradually in-
creased from 1.55 to 2.75 N, while the pulling distance in-
creased from 1 to 10 cm. The circle and bar length indicate the
average and standard deviation, respectively, at each distance
point.

Another set of experiments aimed at measuring the grasping
force that can be exerted on an object. Due to the complex
geometry of TWISTER, the contact surface between an object
and the finger is not well defined; in addition, its compliant nature
presents challenges in measuring the grasping force accurately.
However, even rough estimation of such force generated by each
finger is important for examining its potential grasping capabil-
ity. As a step toward evaluating the feasibility of cable-based
actuation, a simple experimental protocol was developed and
explicated here.

For this experiment, a force-sensitive resistor (FSR) pad was
used. Calibration of the FSR was performed by placing it on a
weight scale: 1) place an FSR with a thin leather pad on the scale
and set it to O N; 2) use the TWISTER finger to exert force on
the FSR; 3) compare readings from the weight scale and FSR
readings; and 4) an offset is added for calibration. The force from
the fingers remained within 05 N, which simplified calibration.
It is also noted that recalibration may be required for different
environmental settings or as the system ages.
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Fig. 12.  Experimental setup for measuring resultant force applied to an object
by the TWISTER finger.
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Fig. 13.  Pulling force versus contact force [N]. At over 4.5 N of pulling force,

the finger started slipping off the sensor attached on the cylinder.

On a testbed shown in Fig. 12, a 25-mm-diameter cylinder
was mounted on the back wall, and a FSR pad was attached
to the surface of the cylinder in order to measure the induced
force upon contact. Because of the small and irregular contact
surface between the cylinder and the finger, a thin leather pad
was attached on top of the FSR in order to better distribute the
contact force on the sensor surface—without this pad, the FSR
was not able to register contact force data reliably. Pulling forces
ranging from 2 to 5 N with 0.5-N increments were applied on
the cable, and the FSR readings were recorded.

To ensure a relatively accurate representation of the actual
grasping performance, FSR readings were continuously mea-
sured, while the pulling force gradually increases until the finger
slips off the cylinder and no longer contacts the surface of
the FSR. As shown in Fig. 13, the slipping phenomenon is
particularly noticeable when the pulling force exceeds 4.5 N,
upon which the finger could barely remain in a statically sound
position relative to the sensor. At 5.5 N, the finger completely
slips off the sensor, and therefore, no contact force could be
measured by the FSR. In between 2 and 4.5 N of the pulling
force by the cable, the resulting contact force increased from
0.26 to 1.63 N. The circle and bar length indicate the average
of 100 FSR readings and its standard deviation at the contract
surface given each pulling force.

TWISTER
fingers with
cables routed
in a zigzag
pattern

Docks for
fingers &

pulley

Chassis with
a servo motor
and electronic
components

Fig. 14.  Fully assembled TWISTER Hand with the main chassis and three
fingers, each with a cable.

Docks for
fingers

Channels
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cable

Pulley

Servo
motor

Wireless
module

Micro-
processor

Fig. 15.  Main chassis contains a microprocessor, battery, power switch, mini
USB port, XBee module, servo motor, pulley mechanism, and docks for the
fingers and cables.

C. Hardware Integration

TWISTER Hand is a compact, fully integrated robotic gripper,
using a single servo to simultaneously actuate the three cables
on the fingers to generate closing and opening motions (see
Fig. 14). It is noted that while the current embodiment focuses
on the simplest actuation solution with a minimum DoF, these
fingers can be independently controlled by using three motors
or each finger may exhibit more than one DoF with two or more
actuators. The chassis design includes more than one channel for
cables to go through, if a higher DoF or a different routing pattern
is desired. The fully integrated gripper weighs about 2.75 N.

As shown in Fig. 15, the gripper’s chassis includes a mi-
croprocessor (i.e., Arduino Nano), a wireless communication
module (i.e., XBee), two rechargeable lithium polymer batteries
(350 mAh; 3.7 V), a servo motor, and a pulley. The chassis also



496 IEEE TRANSACTIONS ON ROBOTICS, VOL. 36, NO. 2, APRIL 2020

Small piece of fabric

2 N

Clementine

&

Plastic cup
Bag of snack
T

Rubik’s cube - twisted

Rubik’s cube

ot
Wy

Wy

Paper container

Fig. 16.  Video-captured images from object acquisition experiments for eight selected objects.

has an ON/OFF switch and a mini USB port for programming hardware design can also support additional sensors, such as a
and charging. The chassis without the fingers weighs about camera.
2.36 N and is 63.55 x 87.86 x 77.42 mm? in size. The remote

controller also has an XBee module with an integrated circuit

to send control commands to the gripper. Wireless operation

involves two buttons on the remote controller: one for opening Experimental evaluation focused on examining the following
and the other for closing motions in the fingers. The current two characteristics:

V. GRASPING PERFORMANCE EVALUATION
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Fig. 17.  Thirty-six objects used in our experiments. Colored boxes on each
object indicate the number of successful grasping out of three trials: green (3/3),
yellow (2/3), orange (1/3), and red (0/3). Objects with two colored boxes were
tested in two different orientations.

1) grasping performance in terms of object acquisition and

retention capabilities;

2) grasping performance under object’s positional and orien-

tational uncertainties.

While the presented gripper can be attached to an articulated
robotic arm for fully autonomous object grasping and manip-
ulation, this early stage evaluation focused on validating the
effectiveness of the semisoft fingers on grasping objects with
different sizes, shapes, and textures through passive deformation
and without sensor-based control. To do so, the gripper was
moved by a human hand to the target object and remotely
controlled for opening and closing of the fingers.

A. Basic Grasping Performance

The basic grasping capability was examined by using 36
objects with various shapes, sizes, weights, and textures, such
as packaged snacks, fruits, daily accessories, and small toys.
A complete list of objects and their specifics can be found in
Table III.

Object grasping capability was tested by acquiring an object
placed on a flat smooth table and holding it for about 10 s. For
each object, three trials were performed, and successful grasping
was counted. Fig. 16 shows selected video-captured images of
this test for eight different objects. To focus on the gripper design
itself, we took the liberty of approaching and grasping from
various poses, which is deemed to be appropriate for each object.
Among the 36 objects employed, the gripper could successfully
grasp 28 objects reliably (3/3 success rate) and 31 objects at
least two out of three trials. A small subset of objects, including
a plastic bottle, paper/plastic cups, paper food container, wire
spools, and tapes, was tested for two different orientations (i.e.,
vertical and horizontal). Fig. 17 shows all 36 objects used in this
test, with colored boxes indicating successful acquisition rates
(i.e., green: 3/3 success trials, yellow: 2/3, orange: 1/3, and red:
0/3). Objects with two colored boxes are ones tested for two
different orientations.

Linear actuator

% Circuitry + battery

TWISTER Hand

Grid mat

Fig. 18. Experimental setup for grasping test for object’s positional and
orientational uncertainties.

The results indicate that while the gripper was able to success-
fully grasp most of these objects, the object’s geometrical shape
is one of the main factors affecting the success rate. In short,
the gripper can easily acquire objects that have distinct convex
shapes at a location reasonably high above a flat surface, but it
struggles when the object does not have this “desired” shape.
For example, the gripper could easily acquire the Rubik’s cube,
while its layers were not aligned, yet it failed at times to grasp
it when the layers are perfectly lined up. In addition, the gripper
could not grasp a pencil, banana, or tape when they were laid
flat on the table surface; however, it could acquire these same
objects when they were slightly elevated above the surface.

B. Grasping Performance Under Uncertainties

TWISTER Hand’s grasping performance under object pose
uncertainties was examined via a structured experimental setup
benchmarking the study design presented in [47]. As shown in
Fig. 18, the gripper was installed on a frame and attached to a
linear actuator in an upright position. The linear actuator moves
the gripper up and down for top grasp. At the bottom of the frame,
a 10-mm grid pattern was engraved. The experiment procedure
is programmed as that the linear actuator first lowers the gripper
to approach the object from the top and then closes the fingers
for 2 s. The linear actuator then raises the gripper and stays in
the position for 10 s. A successful grasp is determined at this
stage as whether the gripper can grasp and hold the object for
10 s. After that, the gripper is lowered and opened to release
the object, and finally, the gripper is brought back to its initial
position for the next test.

A small cube (38 x 38 x 38 mm?®) made from matboard was
used for this experiment for ease of determination of its position
and orientation. The cube was first placed right underneath the
center of the gripper. The grasping test involves moving the
gripper in the aforementioned sequence three times for each
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Grasping performance results under object’s positional and orientational uncertainties using a small cube (38 x 38 x 38 mm?) placed at different

positions on a 10-mm-resolution grid with (a) 0° (projected finger configuration shown with three gray lines), (b) 30°, and (c) 60°.

orientation (0, 7r/6, 7/3) of the cube at each location on the grid
mat. Considering the rotational symmetry of the cube, these
three distinctive orientations represent the entire orientational
uncertainties at the resolution of 7/6. The test was repeated for
all reachable positions on the grid.

Fig. 19 shows the results using the same color coding as in
Fig. 17. The capture areas for 100% successful grasping were
86, 81, and 85 cm? for the cube placed at 0°, 30°, and 60°,
respectively. When including > 67% success rate (2/3 success),
the capture areas expand to 93, 88, and 86 cm?. The capture area
is geometrically linked to the size of the gripper/fingers relative
to the size of the object. To potentially allow comparisons among
different robotic grippers in terms of their grasping capabilities
under pose uncertainties, Fig. 19 also provides nondimensional-
ized values (shown in blue), i.e., the results divided by the length
of the finger projected on the plane, L(= 9.2 cm).

VI. CONCLUSION
A. Discussion

This article presented a new underactuated robotic gripper
based on the origami-inspired 3-D-printed mechanism. The new
CAD design method combined with a different soft material
improved durability and structural stiffness, compared with the
previous model. Despite such improvements, we identified sev-
eral limitations yet to be addressed. The 3-D-printed structures
are still not durable enough for a long-term use in real-world
applications. The current prototype was fabricated and contin-
uously used in experiments over the past three months, and
the fingers exhibited reduced flexibility and small cracks over
this period. The stiffness and fatigue properties of the printed
structure were also highly sensitive to ambient temperature and
humidity. For example, when exposed in cold temperature and
dry air, the structure became stiffer and more susceptible to
fractures; on the other hand, when the air in the surrounding was
warm and humid, the structure became more flexible, increasing
its overall durability but decreasing its stiffness and load bearing
capacity. Such limitations were directly related to the design
and materials used for fabrication, which were also observed
in Fig. 8. In particular, materials used for the soft components

play a significant role in durability and overall mechanical and
dynamic properties of the printed structures. Currently, only two
most flexible materials from the list of materials provided by
the manufacturer were tested; further investigation on various
materials and engineering new optimally designed materials
must be followed.

B. Potential

Compliant underactuated robots have great potential to ad-
dress unmet needs of traditional rigid robots, such as frequent
physical interactions with the environment (or humans) and
manipulation of fragile or irregular objects. However, there lacks
design methods, which allow customized design of compliant
or soft mechanisms, which would exhibit desired structural and
dynamic properties. Most of the existing robots have their own
unique designs, which are not applicable for other types of robots
or those in different physical sizes. The presented mechanism
design is highly customizable and, thus, can be used for broad
robotics applications. While the structural geometry may appear
to be relatively complex, the design principles are simple (and
thus easy to customize), and the structural complexity does not
affect the fabrication complexity or time as it is designed for 3-D
printing.

This underactuated robotic gripper using the presented com-
pliant mechanism has great potential for applications in robotic
manufacturing and human-robot collaboration. Unlike most
industrial robots designed for precise repetitive manipulations
of identical objects, the demonstrated grasping capability can
significantly lower the sensing resolution and, thus, reduce the
control complexity and processing time when handling irreg-
ular objects. The inherent compliance in the robots made of
the TWISTER mechanisms would be well suited for direct
human-robot interaction and collaborative task performance. To
focus on the grasping performance of the origami-inspired 3-D-
printed fingers, we did not add additional fingertip structures.
Different fingertip designs can help better acquisition of objects
and, thus, improve overall grasping performance of TWISTER
Hand.

Further investigation on materials, design, and functional
properties will continue in order to fully establish this new



LEE et al.: TWISTER Hand: UNDERACTUATED ROBOTIC GRIPPER INSPIRED BY ORIGAMI TWISTED TOWER 499

design as a customizable robotic mechanism. In addition, the
current form of the robot embodiment aims to demonstrate its
sensorless, dexterous, and compliant manipulation capability
using a minimum number of actuator(s). The three fingers were
simultaneously actuated for closing and opening by pulling and
releasing the cables connected to a single servo motor. Therefore,
the configurational capabilities of TWISTER are significantly
underutilized. By using more than one actuator, TWISTER Hand
can exhibit more diverse dexterous manipulation capabilities,
which has yet to be explored.

APPENDIX

Table III lists 36 objects used in our experiments. For each
object, its weight (/V) and overall dimensions (mm?) are also
provided.

TABLE III
LIST OF 36 OBJECTS USED IN THE GRASPING EXPERIMENTS
Name of Object Weight (N) | LengthxHeightx Width (mm?)
Combos snack 0.54 137 x 72 x 30
Planters snack 0.88 143 x 80 x 30
M&M snack 0.46 137 x 62 x 23
Lime 1.06 63 x 56 x 56
Clementine 0.81 50 x 59 x 59
Cube 0.07 38 x 38 x 38
Mentos snack 0.4 90 x 38 x 26
Egg shell 0.05 62 x 42 x 42
Water sprayer 0.45 160 x 83 x 83
Electric tape 0.15 15 x 56 x 56
Screw driver 0.47 90 x 30 x 30
Banana 1.65 200 x 45 x 45
Large wire spool 0.96 82 x 90 x 90
Medium wire spool 1.86 60 x 55 x 55
Small wire spool 0.23 20 x 55 x 55
Double-sided tape 1.17 19 x 118 x 118
Wire glue contrainer 0.22 31 x 34 x 34
Wireless mouse 0.82 94 x 55 x 39
Wired mouse 0.97 123 x 61 x 40
TWISTER finger 0.12 130 x 25 x 29
Scissors 0.74 215 x 80 x 20
Plastic bottle 0.25 160 x 55 x 55
Digital watch 0.72 80 x 51 x 51
Spring clamp 1.29 155 x 85 x 40
Boiled egg 0.64 58 x 45 x45
Rubik’s cube 1.05 57 x 57 x 57
Piece of fabric 0.06 0.2 x 156 x 200
White bear toy 0.39 110 x 125 x 100
Unicorn toy 0.4 185 x 85 x 105
Teddy bear 0.52 180 x 160 x 95
Clear plastic cup 0.09 102 x 68 x 68
Brown paper cup 0.13 105 x 60 x 78
White styrofoam Cup 0.05 94 x 59 x 59
Eraser 0.27 65 x 25 x 13
Pencil 0.05 185 x 7 x 7
Yogurt cup 1.59 57 x 86 x 86
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