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Grasping and rolling in-plane manipulation using
deployable tape spring appendages

Gengzhi He, Curtis Sparks, Nick Gravish*

Rigid robot arms face a tradeoff between their overall reach distance and how compactly they can be collapsed.
However, the tradeoff between long reach and small storage volume can be resolved using deployable structures
such as tape springs. We developed bidirectional tape spring “fingers” that have large buckling strength com-
pared to single tape springs and that can be spooled into a compact state or unspooled to manipulate objects. We
integrate fingers into a robot manipulator that allows for object Grasping and Rolling In Planar configurations
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(called GRIP-tape). The continuum kinematics of the fingers enables a multitude of manipulation capabilities such
as translation, rotation, twisting, and multi-object conveyance. Furthermore, the dual mechanical properties of
stiffness and softness in the fingers endow the gripper with inherent safety from collisions and enables soft-
contact with objects. Deployable structures such as tape springs offer opportunities for manipulation in cluttered

or remote environments.

INTRODUCTION

Robotic manipulators with large reach and small storage volume
have substantial potential for operation in remote environments such
as space and the deep sea. However, striking a balance between a
large manipulation workspace and small storage volume poses a
challenging design problem. Traditional rigid-link-based robot arms
are fundamentally limited because their physical volume does not
change during operation. To circumvent this tradeoff between reach
and volume, engineers have looked to deployable structures that can
expand in volume from compact to extended states (I, 2). However,
current deployable manipulators face a fundamental limitation that
the volume changing body and the end-eftector are typically separate
entities. The end effector thus adds substantial weight to the system,
and it requires cabling to be routed through the deployed structure,
and because gripping can only occur at one location, the whole sys-
tem lacks reconfigurability. In this work, we will present a manipula-
tor that uses deployable structural elements as manipulation surfaces
leading to a lightweight, extensible mechanism that is able to achieve
versatile manipulation capabilities.

Some of the earliest deployable manipulators can be traced back
to the kinematic mechanisms of the industrial age and before (2). For
example, the scissor mechanism may be the simplest example of a
linkage system that can substantially increase in length through ac-
tuation of a single degree of freedom. Roboticists have leveraged ex-
pandable linkages such as the scissor mechanism to create deployable
robot arms with gripping end effectors (3, 4). Similarly, concentric
tube telescoping structures have also been used to expand robot arms
prismatically from a collapsed state (5). While scissor and telescoping
mechanisms are limited to prismatic motion, more complex planar
or spatial linkage arrangements can yield other three-dimensional
modes of expansion (6-8). In addition, kinematic expansion need
not be limited to mechanical linkages. For example sheets of folded
paper using origami designs can also be deployed from flattened
states to form elongated structures (9). Origami mechanisms can of-
ten be treated similarly to linkage systems, while they present new
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opportunities for fabrication, control, and stiffness modulation (10-13).
Deployable linkage systems are predominantly made from rigid
structures, and thus, they have the benefit of predictable kinematics.
However, linkage-based deployable manipulators suffer from the
same limitation as traditional robot arms: Their physical volume
never changes, and thus, they require careful design to pack the
structure into a small volume. To circumvent this limitation, recent
advances in deployable robotics have leveraged soft materials that en-
able volume change through the system’s elasticity or flexibility (14).

Soft robots composed of compliant materials enable adaptation
to the environment during locomotion (15-18), responsive shape
change for grasping complex objects (19, 20), and inherent safety
when interacting with or around humans (21). A recent design par-
adigm to make deployable mechanisms in soft robotics is engi-
neered length and volume change of the robot body for robots that
“grow” Volumetric growth has been developed in systems such as
pneumatic actuators (22, 23), robot skins that enable body eversion
(24-28), flexible zipping structures (29, 30), or additive manufactur-
ing technology (31, 32). Growing robots have thus far shown great
promise in deploying over extremely long lengths (24), moving
through challenging substrates such as sand (33) or the body for
medical procedures (34), and relying on simple off the shelf materi-
als. While soft growing robots are capable of more volume expan-
sion compared to linkage-based mechanisms, they still suffer from
the challenge that they must carry a separate end effector for ma-
nipulation. This limitation makes cable routing through the expand-
ing body a challenge for soft-bodied deployable robots.

Another category of deployable manipulators is those that use a
change in material curvature to collapse/expand and to modulate
stiffness. Tubular deployable structures that can be flattened and
rolled into a tight coil and extended into a strong linear beam are the
most common form of these systems (I). In the flattened state, the
structure is relatively flexible to bending; however, when the cross
section is expanded to a circle (or arc), substantial strength is pro-
vided by the bending resistance of curved materials (35). Tubular
mechanisms often are fabricated from composite material such as
carbon fiber or metals such as steel. Tubular-based deployable struc-
tures have a long history stemming back to the early days of space
exploration and satellite deployment (2, 36). These mechanisms
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have been used as deployable beams (37-39) and reconfigurable truss
systems (40, 41) for robotic applications.

An exciting recent area of development for deployable manipu-
lation is the use of tape spring-based mechanisms for robotic arms.
Tape springs are a special example of a tubular structure that can be
easily collapsed flat, they exhibit bistable buckling behavior that can
be used for energy storage/release (42), and they have anisotropic
stiffness for passive compliance. Recent robots have used tape spring
appendages with claw and adhesive end effectors to grasp onto cave
walls (43-46) or to create truss structures and manipulators (41, 47-49).
Furthermore, robot arms that use two antagonistic tape springs can
form local bends to place grasping anchors in challenging to reach
locations (50, 51). The curvature-dependent compliance of tape
springs enables joint-link configurations to be reconfigured in ro-
bot arms by pinching locations to flatten the curvature (52, 53).
Last, small-scale tape springs are being developed for steering nee-
dles through tissue (54). A common design paradigm of these re-
cent robots is the use of tape springs as a structural element of the
robot, whereas environment manipulation occurs through special
end effectors.

In this work, we present a concept for deployable manipulation
using tape springs in which the deployable structure is also the ma-
nipulator surface. With two appendages, the manipulator robot is
capable of object Grasping and Rolling In Planar configurations, and
we call this robot GRIP-tape (Fig. 1A). Different from previous stud-
ies (43, 47-49), we use the entire length of the tape spring as a grip-
ping surface that makes the arms lightweight (no extra motors or
mechanisms needed at the end), eliminates any cabling requirements

Translation

Soft gripping

Rotation and conveying

for an end effector, and enables versatile manipulation kinematics
such as multi-object conveyance and rotation (Fig. 1B). Further-
more, by developing laminated bidirectional tape springs, GRIP-tape
has isotropic bending stiffness in the straight state (Fig. 1C), whereas
in the bent state, the tape springs provide high compliance, enabling
reconfiguration (Fig. 1, D and E, and movie S1) and the ability to
interact with delicate objects. In the following sections of this paper,
we will elaborate the design principles for GRIP-tape and demon-
strate how using tape springs as deployable manipulators can enable
a wide variety of manipulation capabilities.

RESULTS

Design

Development of bidirectional tape spring appendages

The GRIP-tape robot relies on the mechanical properties of curved
beams for gripping stiffness and smooth hinge reconfiguration (Fig. 1,
D and E). To begin our design of a tape spring gripper, we first
sought to analyze the mechanical performance of tape springs to
validate that sufficient gripping force could be supported by de-
ployed tape appendages.

Tape configurations. A single tape spring like that found in a tape
measure is relatively stiff when loaded by a transverse force point-
ing into the concave direction of the tape curvature (see movie S1).
However, when loaded into the direction of curvature or with tor-
sional moments along the longitudinal axis of the tape, a single tape
spring will quickly bend and not be capable of supporting load. To
avoid the anisotropic buckling associated with transverse loading

PERSO!
. on

E Coa®

D Stiffness E Smooth reconfiguration
M Buckling ( \
17
/'J
/i
/,"
-

>

Fixed
YRR

Ly

L+ L,=ConstL

\F\xed / \ J

Fig. 1. Functional basis, implementation, and demonstrated capabilities of the deployable gripper GRIP-tape. (A) An implementation of the two-digit manipulator
on a robot arm. (B) Capabilities of the tape spring gripper include the ability to interact with soft objects, translate objects over large distances in a 2D plane, and in-grasp
manipulation including rolling and conveying objects. (C) Tape spring beams are capable of being rolled into compact spaces and extended over long distances. (D) Beam
stiffness is asymmetric in the case of unidirectional tape springs and symmetric in bidirectional tape springs. (E) By bending the tape spring, a reconfigurable appendage
is formed. The kinematics of this appendage is modeled as two rotation-prismatic joints coupled through an elastic spring.
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or the twisting failure from torsional loading, we sought to make a
symmetric tape spring structure by binding two tape springs together
along their length. This “bidirectional” tape design enables the tapes
to spool into a compact shape for deployable applications while still
retaining the stiffness required for gripping applications. Symmetric
shell designs have been previously explored for deployable composite
booms (55). We fabricated bidirectional tape springs for GRIP-tape
by first aligning two spring-steel tape springs collected from an off
the shelf tape measure (Fig. 2A). Next, we applied an adhesive layer
(duct tape) along the sides of the two tapes to adhere them together.

Three-point bend tests. To compare the strength performance of the
bidirectional tape with normal tape springs, we conducted a three-
point bending test (see movie S1). The results, as depicted in Fig. 2B,
reveal that compared with the two configurations of unidirectional
tape, the bidirectional tape exhibits the highest buckling force, indi-
cated by the load peak. In the case of the unidirectional tape loaded

on the concave side and forming an equal-sense bend (the green
line), the load displacement curve is smooth instead of a drastic drop,
implying that the bending failure of the tape is gradual rather than
buckling at a force threshold. Because of the geometric relationship
inherent in bidirectional tapes, the displacement can be viewed as
the combined effect of two unidirectional tapes reacting to the same
applied load. In tests involving the unidirectional tape loaded on ei-
ther the convex (opposite-sense) or concave (equal-sense) sides, it is
likely that friction between the test platform and the two edges of the
tape due to the flattening of the curve hinders deformation, resulting
in an undesired increase in the recorded load. While in the case of
the bidirectional tape, the expansion happens between the two tapes
simultaneously, and the contact surface and the test platform have
almost no displacement, and thus, the friction is reduced.

Bend test with rotary stage. We next measured the buckling force
of tapes at various lengths to determine the grip force capabilities of
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Fig. 2. The buckling force of different configurations of the tape spring and results of the fatigue test. (A) Structure of bidirectional tape. (B) Results of three-point
bend test of different tapes. (C) Four thousand cycles of fatigue test. (D) Buckling force F,,, of different setups of tape spring with response to the distance between the
fixed point and external force. Dashed lines are theoretical predictions described in text. (E and F) Trend of the buckling force and buckling angle.
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extended tapes. Theoretical modeling of tape spring beams indicates
that buckling will occur when a critical bending moment is reached
(M,,.,) (56), and thus, the grasping force ability of the beams should
decrease inversely with length. The experiment consisted of rotating
a tape spring beam at the base and measuring the contact force with
an object at a prescribed distance from the base until the tape buckles
(Fig. 2C). The load cell measures the maximum force that the tape
springs exhibit before buckling.

We ran the test on three different configurations of double-layered
tape springs: The bidirectional tape and double-stacked tape (two
pieces of tape springs stacked in the same direction) loaded in each
direction. In addition, a unidirectional tape loaded on its stronger
side is also included for comparison. Note that in this test the bidi-
rectional tape was made with a different fabrication method that
held the tapes together in a heat-sealed fabric sleeve instead of a
duct tape layer. In this fabrication, the tapes are free to move relative
to each other and do not have the added stiffness of the duct tape to
avoid the influence of the duct tape layer. For each test, the load cell
was placed at a distance L from the rotating base, and the tape was
rotated into the load cell until it buckled. The peak buckling force
was then recorded, and the experiment was repeated three times for
each length tested (Fig. 2D).

The results indicate that the opposite-sense buckling force of the
double-stacked tape is nearly twice that of the unidirectional tape.
However, when unidirectional tapes are subjected to a load into the
direction of curvature still only provide minimal force. In contrast,
the buckling performance of the bidirectional tape was also good,
and this tape can support loads equally on both sides, offering a
more versatile and reliable deployable structure for manipulation.

To compare our experimental measurements with the theoretical
predictions from thin-shell elasticitiy theory, we implemented the
buckling model presented in (56). In the Supplementary Materials,
we provide details of this model implementation. In the experiment,
the tape does not buckle at its very end because the shape of the
fastening holder restricts deformation at the end. Accounting for the
offset of 75 mm in the buckling location, the theoretical buckling
force versus distance curve aligns closely with the experimental data
(dashed curve, Fig. 2D).

For the bidirectional tape, the theory requires a slight modifica-
tion because we do not know how much moment the equal-sense
bending contributes during the buckling of bidirectional tapes. As a
lower bound on this prediction, we treat the buckling moment as the
sum of the opposite-sense buckling moment M and the steady
moment M* to represent the total moment (see the Supplementary
Materials). The steady moment M* represents the minimum value of
equal-sense bending, meaning the actual contribution of equal-sense
bending is certainly greater than this value. This slight underestima-
tion of the moment contributes to the gap between the theoretical
and experimental data (dashed curve, Fig. 2D). Another possible
source of this discrepancy is the sliding friction between the tapes as
buckling occurs, which would increase the actual buckling force
compared with theory. For the subsequent analysis of the maximum
gripping force that can be applied at different tape lengths, we rely
on the theoretical curve as it establishes a conservative lower bound
for gripping force.

Fatigue and max buckling force. An important feature of a gripper
is the capability to durably operate over long periods of time. This is
potentially problematic for soft robots and deployable systems where
the structures of the robot will undergo large deformation and strain.

He et al., Sci. Adv. 11, eadt5905 (2025) 9 April 2025

Specifically for the GRIP-tape robot, we require that the tape spring
appendages roll and unroll repeatedly during operation without fa-
tigue and not exhibit failure from errant collisions that cause them to
buckle. To test the fatigue performance of our bidirectional laminated
tape springs, we performed a test to measure the buckling force and
angle over repeated loading. Using the same setup as the buckling
test, we mounted a load cell on a track 20 cm away from the start-
ing point of the tape spring. During the rotation, the tape measure
contacts the load cell, buckles, stops at 16.5°, and rotates back to the
initial position. We gathered the data of 4000 cycles from the load
cell measuring the maximum forces before buckling (Fig. 2E) and the
angle at which the tape spring buckles (Fig. 2F). After 4000 trials, the
buckling angle and buckling force decreased minimally. The buckling
angle reduced from 1.28° to 1.16° and the buckling force reduced
from 4.97 to 4.92 N. In the size and force range of GRIP-tape, such
an amount of variation is acceptable.

Kinematics and control

GRIP-tape appendages. We designed GRIP-tape to use two triangular-
shaped appendages as the left and right gripping surfaces (Fig. 3, A
and B), each consisting of bidirectional tape. Learning from the the-
oretical analysis, the performance of the gripper is influenced by the
transversal curvature and the number of tape layers, which directly
affect the buckling moment and tip stiffness. Increasing either thick-
ness or curvature would increase the gripping force by improving
stiffness and buckling resistance; however, this would reduce the flex-
ibility of the tapes limiting their “safety” when inadvertently colliding
with obstacles. To optimize performance, we selected a single-layer
configuration for each side, balancing stiffness and gripping force.
Thus, the design incorporates an inherent safety feature, with the
tape buckling at a specific load threshold to prevent excessive forces
that could damage the gripper or the object.

The straight sections of the appendages act as structural elements
that are capable of supporting transverse and compressive loads,
whereas the buckled end of the appendage is a rolling hinge that can
change the overall shape of the appendage. The inner sides of the
two appendages are the gripping surfaces, and our design facilitates
object grasping anywhere along the inner length of the appendages.
Each appendage has three independent control inputs (Fig. 3, B and
C): control of the outer beam angle (6,) and control of the length
change from either the outer or inner side of the appendage (5L, and
SL,, respectively). The inner beam angle is free to rotate and is deter-
mined by the total tape length L and outer angle 6,. Both left and
right appendages have control over 6, and tape length change and
thus can be controlled individually. Last, a single motor controls the
symmetric gap width between the inner tapes w. The combination of
three independent control inputs on the left and right appendage,
and the width control yields seven overall control variables to posi-
tion the tapes.

Individual actuation of the appendage control inputs leads to four
primary modes of appendage shape control (Fig. 3C). By changing
the length of either the inner or outer section (3L, # 0 or 8L, # 0),
the outer beam will remain at angle 6,, while the overall tape length
shortens, causing the inner beam to bend. Note that the 6L, and 3L,
actuators only control the relative change in tape length, while the
respective side lengths of the triangular-shaped appendage are de-
termined by the overall tape length and side angle 8,. By changing
the outer section angle 0,, the appendage traces a sweeping motion
across the workspace. If the overall tape length is held constant, then
the tip will trace out an elliptical shape. Changing the tape width w
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Fig. 3. Kinematics and design of the GRIP-tape manipulator. (A) Planer test plat-
form for GRIP-tape. (B) GRIP-tape is composed of a left and right digit. Each digit
has independent control over the tip location denoted by the black dots. (C) Four
insets show the basic modes of appendage control. (D) Schematic of the overall
control inputs for the two tape spring appendages. (E) Representative model of the
left appendage with actuation inputs from two roller units (6,, 6) that control the
left-right length of the appendage and a rotational input (6,) that controls the an-
gle of the appendage.

results in a change of the inner section angle and side length, while
the outer tape remains at a fixed angle 0,. Last, an equal rate of
tape unspooling and retraction on the inner and outer sections
(8L, = —3L,) results in a motion where the overall shape of the ap-
pendage is unchanged, but the surface motion of the gripper will
either move inward or outward which can be used for object rota-
tion or conveyance.

Mechanism design and workspace. The GRIP-tape robot is actuated
by a total of seven independent motors as depicted in Fig. 3D. For
each appendage, two motors are dedicated to controlling the length
change of the inner and outer tape spring beams, and one motor con-
trols the outer angle of each appendage. The exact layout and dimen-
sions are presented in materials and methods and Fig. S1A. The last
motor is used for adjusting the inner width between the appendages,
w. This adjustment is achieved through a rack and pinion mechanism
(refer to Materials and Methods and fig. S1B).

He et al., Sci. Adv. 11, eadt5905 (2025) 9 April 2025

One tape extruder assembly consists of two 3D printed cases,
each housing a roller. One of the rollers is driven by a servo motor
and is equipped with sandpaper to enhance friction, while the other
roller is passive and freely rotates. The rollers are pressed tightly to-
gether, and the bidirectional tape is passed between them. Support-
ing guides hold the tapes in position on both sides of the rollers
(refer to Materials and Methods and fig. S1, C and D). For the length
of an appendage, both extruders are only capable of controlling
the total length L, and the overall appendage’s length (shape) is also
influenced by the distance between the two extruders a and the ori-
entation of the angular control beam 6, (refer to Fig. 3E). The ap-
pendage’s angular orientation is governed by a guiding ring covered
by low-friction material and an angular control beam located on
each side (refer to materials and methods and Fig. S1E). The pivot
axis of the angular control beam is affixed to a servo motor mounted
on the base, and so the outer mounting geometry of the appendages
(lengths ¢ and d in Fig. 3D) is predetermined and not adjustable.
Conversely, the triangle base width (parameter a in Fig. 3D) for each
appendage can be changed and thus is designed to facilitate the grip
and conveyance of objects of varying sizes. Notably, because the
racks are mounted parallel to the x axis, parameter b is set and not
adjustable.

The gripping workspace is determined by the combined range of
motion of the appendages, each with an angle restricted annular
reach (Fig. 4A). For the left appendage, the left angle boundary is
constrained by the tape coming into contact with the pivot of the
angular control beam. The right boundary is limited by the angular
control beam colliding with the extruders. In the radial direction,
the inner workspace radius is defined by the minimum allowable
length of the appendage to ensure that the tip does not interfere with
the angular control beam. The outer workspace radius is determined
by the allowable extension distance of each tape before they buckle
under their own weight. The right appendage workspace is the mir-
ror of the left and the total workspace is the inclusive combination of
the left-right.

Figure 4B shows an image of the total workspace of the gripper.
We generated a heatmap illustrating the maximum grip force that
the GRIP-tape can sustain at different locations (Fig. 4B). The maxi-
mum gripping force was calculated by combining the data from the
bend test with rotary stage and the workspace analysis. The calcula-
tion of the maximum gripping force involves the relationship between
the maximum force resisting bending and the deployed length (i.e.,
the distance between the guiding ring where the buckling of ap-
pendages happens and the rolling joint) of the supporting side of the
appendage (Fig. 2D). Besides bending, another potential failure mode
is torsional bending under load. For instance, in horizontal grip-
ping, a heavy object could cause the inner sections of the appendage
start to rotate torsionally downward. Our experiments indicate that
the tapes are able to support larger weights at larger distances (i.e.,
larger torsional failure moments) than they are capable of generat-
ing gripping forces. This means that even if the friction coefficient
between the object and the appendage is large, the torsional load the
appendages can support is still greater than the weight that the max-
imum gripping force can hold. As a result, bending buckling be-
comes the dominant failure mode during grasping.

Although tape appendages are capable of interacting with objects
along their inner surfaces, due to the convenience of directly con-
trolling the location of the appendage’s tip, we use the minimum
length of the appendage to calculate gripping force. This heatmap
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Fig. 4. Demonstration of GRIP-tape appendage kinematics. (A) Workspace of the left appendage. (B) Combined workspace of both appendages with the maximum
gripping force computed from buckling measurements and indicated with a color map. (C) Inverse kinematics position error of the right digit tip location from over six
trials. (D) Results from right digit tip location tracing over three trials with four different shapes. See movie S3 for the video.

reveals that the GRIP-tape can support the highest gripping force
near the base, particularly in the central region. As the distance from
the base increases and the location moves laterally away from the
central line (i.e., x = 0 mm), the gripping force diminishes.

Inverse kinematics and forward kinematics. To derive the forward
and inverse kinematics, we assume that an appendage is separated
into three sections: (i and ii) Two straight line sections L, and L,, and
(iii) a constant curvature arc of length L, that is tangent to both L, and
L, (Fig. 3D). Although the deployed beams of tape still experience
some deformation when load is applied, to simplify the model, we as-
sume that they are rigid links. In our design, b, ¢, d, and L, are known
and constant variables. Because r reflects the load on the appendage,
in a scenario with almost 0 load, we use a constant r = 15mm, which
is determined from measurements.

By inputting (x,y) and a, the inverse kinematics solves for the
length of each section L, L,, L;, and 6. The inverse kinematics pure-
ly involves a geometric calculation. The main steps of inverse kine-
matics involve determining lengths and angles of the supporting
contact section Ly, L,, 8, and 0, with the desired x, y position as the
first steps. With the relationship 6, — 6; = —6, and known variable
1, the length of bending section L, is derived. Within the workspace,
0, can be bijectively mapped from 6,.

The forward kinematics use inputs of total length L, arm angle 6,,
and the horizontal distance between the extruders a to solve for the
location of the center of the rolling joint (x, y ). The location of the outer
extruder is set as the origin. The location of the guiding ring on the

angle control arm relative to the originis v = [ - ] +L, [ cos(6,) }
c sin(6,)
The appendage angle (6,) is determined by the unit vector of the
guiding ring position v =v/ | v|. The center of the rolling joint can
be found through a vector sum of the outer appendage arm and a
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perpendicular radius of the curver; X =L, v+ r[ ! ]?. The
-10

length of the outer appendage arm L, is found by solving three non-

linear constraint equations. Two equations come from the x and y

vector sum of the two appendage arms and their perpendicular ra-

dius, as both arms of the appendage must meet at the center of the

rolling joint. The final equation is the total length constraint, as the

total length of the appendage L is known

L=L +L,+r(6,-6,+n)
Llsin(el) + rsin(e1 —n/Z) = Lzsin(ez) + rsin(92+n/2) -b

Lycos(0,) + rcos(0, —m/2) = L,cos(6,) + rcos(0,+n/2) + a

Both inverse and forward kinematics are presented in the Sup-
plementary Materials and fig. S2.

To validate the kinematics model of the GRIP-tape appendage,
we performed two experiments to monitor positioning accuracy and
repeatability. In the first experiment, we commanded the appendage
to move to 16 target points in the workspace, repeating this over six
trials (Fig. 4C). Across the six trials for each of the 16 target points,
the norm of the vector distance between the desired x-y location and
the measured x-y location was determined to be an average position
error of 3.72 + 0.35 mm. This means that the mean absolute error of
the 96 sample points in the plane is 3.723 mm. The mean of SDs of
the error is 0.3548 mm. The mean was likely not centered at zero
because of possible oversimplifications of the inverse kinematics
model. These oversimplifications would include: imperfection in the
fabrication of the tape and mechanism, inaccurate representation of
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the tape thickness, inaccurate assumption in the kinematic model,
potential vertical sag of the tape, and deviations of the bend curva-
ture due to internal stress from the tape. To demonstrate the motion
control capabilities from the GRIP-tape kinematics, we conducted a
second set of experiments in which we moved the appendage tip
along a variety of path shapes (Fig. 4D). Path following was tested
through three cycles of path following across four polygonal shapes.
The motion paths were repeated consecutively without any calibra-
tion between. We observed good tracking behavior between the de-
sired and observed paths (Fig. 4D and movie. S3) indicating that
GRIP-tape is capable of suitable positioning control.

Appendage mechanics

Bidirectional tape extensibility. In each appendage of the GRIP-tape,
two tape extruders adjust the length of the appendage. By extending
or retracting tape with the extruders, the overall length and reach of
the appendage can be changed. To determine how far an appendage
can reach, the GRIP-tape was mounted horizontally, and a tape ap-
pendage was extended parallel to the floor until it buckled under its
own weight. This was done with both a unidirectional tape appendage
and a bidirectional tape appendage. The longest successful extension
of a unidirectional tape appendage reached was 1.07 m. Because of
gravity, oscillation, imperfections in fabrication, and the anisotropy
of the unidirectional tape, it buckles on itself and collapses. A bend
is formed diagonally across the tape spring that causes the end of the
appendage to hang down toward the floor. The bidirectional tape does
not have the same anisotropy, so it performed much better. The bidi-
rectional tape successfully extended to a max length of 1.52 m. Unlike
the unidirectional tape, the bidirectional tape is limited primarily
by weight and the stiffness of 3D printed parts. As the bidirectional
appendage reached out farther, it began to sag under its own weight
and caused bending in the base and extruder assembly as well.

To reach high extensions of the appendage while maintaining a
small size, it is necessary to store long lengths of the tape springs
in a small volume. When used in a tape measure, tape springs are
stored in a compact form by winding them on a spring-loaded
spool. This can also be done for the unidirectional tape by wrapping
both sides of the appendage tape around a spool on the opposite
side of the extruders. However, bidirectional tapes are not capable
of this. The two tapes inside the wrapping are unable to slide (shear)
relative to each other. When the tape is wrapped around a spool,
there is a mismatch in the length of material needed for the tape on
the inside of the coil and the tape on the outside of the coil. This
causes the bidirectional tape to form bumps and kinks as the length
mismatch builds up. These imperfections prevent even coiling of
the tape. To address this issue, our solution is to bind the two tapes
with a low-friction sleeve between the adhesive and the inner tapes.
Because the adhesive is not directly attached to the tapes, they can
slide internally with respect to each other and prevent the problem-
atic accumulation of shear strain along the tape length (movie S2).
By adding an external sleeve to the bidirectional tape fabrication
process, we are able to spool up the appendage tape and unroll it
during deployment.

Soft-contact object interaction through hinge serial compliance. The
structure of one appendage of the GRIP-tape can be represented kin-
ematically as two prismatic links, with constant length constraint,
that are connected by a nonlinear spring at the tip of the appendage
(Fig. 1E). As GRIP-tape interacts with an object the bend curvature
at the end of the tape appendage undergoes changes corresponding
to the change in gripping force. As the gripping force increases, the
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radius of curvature decreases, leading to a spring-like resistance. To
quantify this resistance, different configurations of tape were bent
180°, and the tapes were subjected to compression tests. The force
readings during the compression of the tape were recorded as a func-
tion of displacement, enabling the measurement of the “stiffness” in
the tape’s contact mechanics (fig. S3A). These results were compared
with a theoretical curve derived by differentiating the strain energy
U of the bending section, as given in (57)

Dby ( 1, r 2v )
—_ - + —_—
2 \r R2 R

with respect to the displacement d. The strain energy is minimized
when r = R, indicating that the radius of curvature without applied
pressure is R, leading to d = 2(R—r). In this expression, W is the
bending angle, which is 180° in our case, and b is the tape’s width,
defined as OR.

By fitting the experimental data to a polynomial curve (see the
Supplementary Materials), we derived the experimental relationship
between the applied load and the deformation of the spring-like
bending. The observed discrepancy between the theoretical and ex-
perimental curves highlights the role of deformation in the transi-
tion region—the segment that connects the bent arc to the straight
section. This deformation is not accounted for in the theoretical
model. Based on our observations, assuming the length of the tran-
sition region remains constant during compression, the following
phenomena occur: As the arc is compressed, the bending region
shortens, while the straight region lengthens by the same amount.
This redistribution reduces the potential energy associated with the
lengthened straight region, thereby diminishing the overall energy
gained during compression. Consequently, the experimental results
indicate an effective material stiffness that is lower than the theo-
retical prediction.

As a means of comparison to other elastomeric soft grippers, we
envisioned that the tape spring bend joint is a 15 mm-by-25.4 mm-
by-30 mm sized cube and calculated an effective Young’s modulus
of this mechanism. Comparison of the approximate Young’s modu-
lus of the tape spring bend with other soft materials in fig. S3D indi-
cates that the contact interaction mechanics performance is broadly
similar to silicone elastomers.

U=

Grasping capabilities and demonstrations
In the prior section, we demonstrated the unique mechanics of de-
ployable tapes and our ability to exert simple kinematic control over
the appendages. We now illustrate the gripping capabilities of the
two appendage GRIP-tape system.
Gripping, translating, and rotating objects
Once both appendages of the GRIP-tape contact the target object
with a sufficient load, a grasp is formed, and we can translate the ob-
ject by simultaneously moving the left and