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E N G I N E E R I N G

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 
(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 (1, 2). However, 
current deployable manipulators face a fundamental limitation that 
the volume changing body and the end-effector 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 

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 (1). 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 

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 

A C

D E

B

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 

BA

DC

E F

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

max
 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 
(Mmax) (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 Mmax

+
 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. 

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 (θ1) and control of the length 
change from either the outer or inner side of the appendage (δL1 and 
δL2, respectively). The inner beam angle is free to rotate and is deter-
mined by the total tape length L and outer angle θ1. Both left and 
right appendages have control over θ1 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 (δL1 ≠ 0 or δL2 ≠ 0), 
the outer beam will remain at angle θ1, while the overall tape length 
shortens, causing the inner beam to bend. Note that the δL1 and δL2 
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 θ1. By changing 
the outer section angle θ1, 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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results in a change of the inner section angle and side length, while 
the outer tape remains at a fixed angle θ1. Last, an equal rate of 
tape unspooling and retraction on the inner and outer sections 
(δL1 = −δL2) 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).

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 θ4 (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 c 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 

A

B C

D E

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 (θ

1
, θ

2
) that control the 

left-right length of the appendage and a rotational input (θ
4
) that controls the an-

gle of the appendage.
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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 L1 and L2, and 
(iii) a constant curvature arc of length L3 that is tangent to both L1 and 
L2 (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, c, d, and L4 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 L1, L2, L3, and θ4. 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 L1, L2, θ1, and θ2 with the desired x, y position as the 
first steps. With the relationship θ1 − θ3 = −θ2 and known variable 
r, the length of bending section L3 is derived. Within the workspace, 
θ4 can be bijectively mapped from θ1.

The forward kinematics use inputs of total length L, arm angle θ4, 
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 origin is v =
[

−d

c

]

+ L4

[

cos(θ4)

sin(θ4)

]

. 

The appendage angle (θ1) is determined by the unit vector of the 
guiding ring position v̂ = v∕ ∣v ∣. The center of the rolling joint can 
be found through a vector sum of the outer appendage arm and a 

perpendicular radius of the curve r; X = L1v̂ + r

[

0 1

−1 0

]

v̂ . The 

length of the outer appendage arm L1 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

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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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.
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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 

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)

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, ψ is the 
bending angle, which is 180° in our case, and b is the tape’s width, 
defined as θR.

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.

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 right appendages to differ-
ent target positions. In our first demonstration, we grasp a rubber ball 
at the tip of the appendages, translate the ball to a desired position, 
rotate the ball in place, and then convey the ball toward the gripper 
base and release it into a bin (movie S3). The GRIP-tape is capable of 
grabbing objects of varied shapes and stiffnesses such as individual 
tomatoes and an entire tomato vine (Fig. 5A and movie S4).

In-place, continuous rotation is a unique capability of the GRIP-
tape kinematics. Object rotation is achieved by displacing the object 
contact points in opposite directions (movie S3). The overall length 
of the appendage can be kept constant during rotation by spooling 
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and unspooling at the base of each appendage. Thus, if we want to 
rotate a ball of a radius r by 90°, the surface on the contact section of 
the tape of the left appendage has to extend πr ∕2. To keep the ball at 
a constant location, the contact section of the tape of the right ap-
pendage has to retract πr ∕2. Accordingly, the supporting section of 
the left appendage retracts πr ∕2, and the supporting section of the 
right appendage extends πr ∕2.

In-place rotation can be used to accomplish challenging picking 
operations such as twisting a tomato off of the vine (Fig. 5A and 
movie S4). The soft-contact capabilities of the tape allow for apply-
ing light pressure to the tomato surface, and a continuous in-place 
rotation twists the tomato, releasing it from the vine. An additional 
function of GRIP-tape is the capability to convey objects inward to 
the base while keeping the overall shape constant. Object convey-
ance can even be extended to multi-object conveyance where sev-
eral objects can be grasped and simultaneously translated back to 
the base of the gripper (Fig. 5B and movie S4).

In Fig. 5C, we show a lifting example of grasping a fresh lemon 
from a distance of approximately 50 cm, vertically lifting the lemon 
and orienting it over a bin, and conveying the lemon into the bin. 
In movie S4, we show several other examples of object manipula-
tion including grabbing, translating, and screwing in a light bulb. 
All demonstrations are performed through teleoperating the robot 
with a custom-designed app that enables joystick control (fig. S7 
and movie S4).
Passive compliance and robustness
The passive compliance of the tape appendage gives it unique capa-
bilities for interacting with objects. For example, if there is an obsta-
cle impeding the planned trajectory, then the appendage is capable of 
deforming around the obstacle and continuing on its way to reach 
the desired ending position (fig. S6A and movie S5). If there is a 
known obstacle in the way that would prevent the appendage from 
reaching the target normally, then the appendage can deform against 
the known obstacle and remain capable of grabbing and conveying 
the target object. Figure S6B and movie S5 show an application of 
object grasping and conveyance while the appendages are deformed 
from contact with a wall.

The material properties of spring-steel and the cross-sectional 
curvature of the tape provide tape springs the robust ability for 
self-recoverability. A tape spring bent out of its original shape will 
snap back to its original configuration when released. The GRIP-
tape appendages self-recoverability property is demonstrated in 
movie S5. The appendage is struck while trying to complete a task. 
The strike causes the appendage to buckle. However, the append-
age made of bidirectional tape rapidly rebounds and successfully 
completes the task.
Force sensing
To allow for force feedback from the GRIP-tape, a load cell was built 
into the angular control arm (Fig. 6A). Assuming the moments on 
each section of the appendage are balanced, and knowing θ4, a, and 
L, we can derive θ1, θ2, L1, L′1, and L2 by forward kinematics (refer to 
Fig. 6B). The relationship between the force on the contact section 
and the read of the load cell is

Fread is the reading of the load cell, and τ1 and τ2 represent the 
internal bending torque of the tape spring. To obtain τ1 and τ2 at 
different angles, we measured the internal torque with a bidirection-
al tape with a pinched point by bending it around this point to a set 
of different angles. By curve-fitting these data with a spline (fig. S8), 
we developed a relationship between the bending angle and τ. To 
demonstrate the force sensing accuracy, we placed another load cell 
at the tip of the appendage with L�

2
= L2, and we compared the force 

prediction from the base load cell with the actual contact force mea-
sured by the contact load cell. An example of the comparison be-
tween the real force on the tip of the appendage measured by the 
additional load cell and the calculated value F2 derived from the 
force reading Fread on the base is shown in Fig. 6C, demonstrating a 
very good agreement.
Automatic gripping
The length of appendages and the force feedback in the GRIP-tape 
allow for locating the position of an object by searching with the ap-
pendages and grasping it autonomously. We designed several mo-
tion steps to complete automatic gripping (Fig. 6D and movie S6). 
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Fig. 5. Demonstrations of basic applications. (A) Demonstration of soft gripping and twisting. (B) Demonstration of object conveyance. (C) Demonstration of lifting.
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In step 1 (fig. S9A) and step 2 (fig. S9B), we locate the object with the 
left and right appendages by sweeping first the left appendage in-
ward until the contact is detected (force reading exceeds the thresh-
old), and then the right appendage is swept inward until the contact 
is detected. The steps end when an increase of the force estimate 
of the F2 is detected with a contact detection threshold value of 
0.25 N. After steps 1 to 2, the left and right appendages are both in 
contact with the object with a small amount of gripping force. The 
shapes of the appendages define a gripping axis (the magenta line in 
fig. S9B) along which the object is located by connecting the origin 
and the midpoint between the two coordinates of the appendages’ 
tip. However, we have not yet determined the size of the object or 
the distance of the object along this center line. In some cases, for 
instance, the friction between the appendage and the object is low, 
the width of the object can influence the gripping because the angle 
between the appendages is larger than the self-locking angle so the 
object could fall out of grip no matter how large the gripping force 
is. The other reason to measure the width is to fulfill the require-
ment of conveyance that the contact section of appendages must be 
parallel. For step 3 (fig. S9C) and step 4 (fig. S9D), the GRIP-tape 
separates its appendages and reconfigures the contact sections to be 
parallel to the gripping axis, and then the tapes are moved closer to 
each other while keeping the paralleled configuration until contact 
is once again detected by the force sensor. This measurement step 
now provides the width of the object w, which is the gap between the 
paralleled contact section of the appendages. Last, to determine the 
object distance along the grip axis, we retract the left appendage un-
til contact is lost (measured by a sudden decrease in force from the 
force sensor). Once contact is lost, we mark the gap between the 
origin and the intersection point of the perpendicular drawn from 
the tip location of the left appendage to the gripping axis as the 

shortest distance d′, and the distance between the object and the 
origin is assumed to be the sum of half of the width w and the short-
est distance d′ (fig. S9E). Once the object location has been deter-
mined in the workspace, we can move the two appendages to the 
sides of the location of the object, form a grasp, and move the object 
to the desired location (fig. S9F and movie. S6).
Rotation with feedback control
Force feedback also enables the GRIP-tape system to provide closed-
loop contact force control. This can be useful, for example, in cases 
where a nonround object needs to be rotated. Round objects can be 
rolled in the grip by simply moving the surfaces of the appendage in 
opposite directions. The object roundness results in a constant grip 
force while the object rotates (since the cross-sectional width of the 
object is not changing between the grip points).

While this open-loop rotation works well for round objects, ob-
jects of unknown or irregular shape pose a challenge for rotation in 
a grasp. The softness of the appendage tip can accommodate some 
small deviations in grip width variation. However, excessive width 
changes during rotation can lead to either loss of grip (movie. S7), 
buckling of the appendage, or slipping of tapes inside the tape ex-
truder due to increased gripping force and excessive friction be-
tween the tapes and the guiding ring.

To address this issue, we implemented force feedback from the 
contact force sensor to achieve and maintain a desired gripping 
force during nonround object rotation. The feedback control adjusts 
the lateral spacing between the appendages to keep the desired force 
contact force constant. The force controller is a simple control loop 
in which the contact force error is used in a proportional controller 
to servo the grip width. If the force reading is less than the desired 
force, then the grip width between the appendage ends is decreased. 
If the force reading is higher than the desired force, then the grip 
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Fig. 6. Force sensing and automatic searching, testing, and gripping. (A) Load cell on the angular control beam. (B) Balance of moment. (C) Comparison of calculated 
and actual force versus angle of θ

4
. (D) Automatic detection, measurement, and gripping. (E) Object Rotation with force feedback.
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width distance between the end points is increased. Implementing 
this force feedback control allows for successful, controlled rotation 
of elliptical and other nonconstant grip width objects. We compared 
the performance with and without force feedback by rotating an el-
lipse and demonstrate that open-loop rotation causes the object to 
be dropped, while closed-loop force feedback rotation successfully 
maintains a grasp during rotation. A demonstration of these capa-
bilities is presented in Fig. 6J and movie S7.

Applications of GRIP-tape as an end-effector
After the functions and applications were verified on the planer plat-
form, we designed a more compact GRIP-tape that could be used as 
an end effector on a robot arm and aims to handle object sizes similar 
to those that human hands can handle. The robot arm helps to en-
large the workspace from planar to 3D in the applications of GRIP-
tape. The system retains the same design and kinematics of the 
planar test platform while being implemented in a smaller package 
with integrated tape spools into its main body.
Design of the GRIP-tape end-effector
The design principle is the same as that of the planar test platform, 
with both using four actuators to control the length of a pair of ex-
tendable tape appendages. Adjustments for the smaller-sized design 
include combining the angular control link with the guide of the 
outer extruder, swapping the width control mechanism from a rack-
and-pinion system to a timing belt, and integrating the spool. For 
detailed CAD drawings, refer to fig. S10 and movie S8.
Demonstration of manipulation in 3D space
With an end effector–sized gripper, the robot arm expands its capa-
bilities from planar to 3D operations. Leveraging the added degrees of 
freedom, we replicated the tomato twisting and picking demonstra-
tion with a larger tomato, achieving a more accurate and secure pick-
ing and dropping (Fig. 7A). Furthermore, we used the end effector to 
do multistep manipulation tasks such as a combination of object rota-
tion about the z axis (untwisting a cap) and rotation about the x axis 

enabled by the robot arm (Fig. 7B). In Fig. 7C, we illustrate a potential 
application of the GRIP-tape end effector by reaching through the 
leaves of a plant, grasping a pepper, and then twisting the pepper off 
the stem and pulling it from a plant. The arm enables the precise tar-
geting of the GRIP-tape appendages, while the deployable action of 
the tape spring finger allows for reaching and manipulating the object. 
Last, Fig. 7D showcases the combination of the tape appendages’ ex-
tensibility and the z-axis degree of freedom by reaching into a narrow 
gap and moving an object from one layer to another through the small 
gap. Videos of the demonstrations can be found in movie S8.

DISCUSSION
In this work, we have presented the design and testing of GRIP-tape, 
a soft robotic gripper constructed from tape springs that is capable 
of object Grasping and Rolling In Plane (GRIP-tape). The GRIP-
tape has many of the same advantages as other soft robot grippers, 
with compliance allowing for interaction with unknown or complex 
objects (58), being inherently safe for human interaction (21), and 
being able to reconfigure its own shape (59). The tape appendage 
mechanism keeps the beneficial properties of robot compliance 
while also adding additional capabilities for simple in-hand rotation 
and high extensibility. Thanks to the features of tape springs, the 
inherent maximum load and self-recoverability of tape appendages 
provide safety during interaction and ensure robustness in gripping 
applications. Owing to the continuity and consistency of the tape 
appendage, the rolling mechanism allows for the seamless renewal 
of material if any part is permanently damaged during operation, 
eliminating the need for complicated manual operations. In addi-
tion, because of its geometrically defined shape, the tape appendages 
can be precisely controlled. These key features make the GRIP-tape 
a versatile system, well-suited for a variety of applications encom-
passing object gripping, dual modes of translation/rotation, and 
multi-object conveyance.

Fig. 7. Manipulation in 3D space capabilities. (A) Demonstration of harvesting a fresh tomato by twisting. (B) Demonstration of opening and pouring a pepper canister. 
(C) Demonstration of harvesting jalapeño on a plant by twisting and pulling. (D) Demonstration of reaching through a small gap.
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An enabling capability of the GRIP-tape is the ability to rotate 
objects in place while in a grasp. Prior grippers have been developed 
with similar capabilities; however, they have relied on the integration 
of active surfaces such as conveyor belts mounted onto a traditional 
gripper. For example, the underactuated modular finger featuring a 
pull-in mechanism (60) and the sheet-based Gripper (61) both used 
driven belts as the contact surface of each finger, aimed at pulling in 
and gripping, refining the object-picking process. Other examples of 
active surfaces include Velvet Fingers (62, 63) and an active surface 
gripper consisting of an underactuated finger and rigid thumb (64), 
prioritizing in-hand manipulation and the stability of grasp. With 
more active surfaces and fingers, more complicated in-hand manip-
ulations can be achieved (65, 66). However, the need for rollers with-
in the fingers or the finger’s supportive skeletal structure for the 
“conveyor belt” constrains the choice of materials for constructing 
the fingers, thereby restricting their flexibility. The material proper-
ties and deployable nature of GRIP-tape’s appendages alleviates these 
challenges by using the compliant structure of the appendage as the 
active surface for manipulation.

The tape appendage structure also allows for sensing and haptic 
feedback during use operation. We have demonstrated sensing and 
feedback capabilities using the load cell embedded in the angular 
control beams. The load cell can measure the force applied to the ap-
pendage and then the applied force can be calculated. We can map 
the force reading of the load cell to the force applied to an object 
anywhere on the appendage as long as the location of the object is 
known. These capabilities allowed for the development of automatic 
functions such as searching, measuring (size and location), and grip-
ping using built-in force measurements and structural compliance. 
Furthermore, the applied force can also be estimated by an operator 
through visual inspection, as the radius of curvature at the ends of 
the appendage decreases when the gripping force increases. This 
could allow a trained operator to judge at a glance how much force is 
being applied at any given time while teleoperating the GRIP-tape 
system. That is also why our forward and inverse kinematic model 
for translating the object includes the curvature at the tip of the ap-
pendage as a variable. Unlike previous studies that neglect the curva-
ture at the tip and rely primarily on the axial stiffness of the tape springs 
rather than bending stiffness (47–49), our study considers the curva-
ture, which changes with the gripping force. Accounting for this 
variation is crucial for improving the model’s accuracy.

Potential applications for deployable manipulators include agri-
culture, space, and sea environments. Agriculture remains a challeng-
ing environment for robotics as it is unplanned and variable, requiring 
a capability for adaptation. In addition, for a robot to be adopted on 
a farm, it must be both low cost and safe around humans (67). The 
GRIP-tape system may find use in agriculture applications where au-
tonomous picking and inspection are required. The tape springs that 
form the actuated appendages are both cheap to produce and safe to 
use for human interaction due to their buckling properties. Further-
more, the different actuation modes of the GRIP-tape could be par-
ticularly useful in picking applications, for example, reaching out and 
grabbing a fruit, twisting it off the plant, then retracting and convey-
ing the fruit back to a central body for inspection. While these func-
tions can be also achieved by some previous studies on active surfaces, 
GRIP-tape offers advantages in soft gripping and reachability. The 
compliant and spring-like nature of the end joint would allow for 
force control while harvesting produce and would lower the chance 
of damaging a fruit while harvesting it. Autonomous detection and 

measurement can also benefit from the length of the arms, an object 
can be first approximately located by one or multiple visual sensors 
and further located by the extended arms.

In addition to agriculture, the lightweight and high extensibility 
of the GRIP-tape manipulator could be useful in environments where 
volume and weight are at a premium such as space. Tape springs are 
already used as for space systems such as antenna booms, satellite 
solar arrays, and structural supports (68, 69). A tape spring–based 
actuator could be similarly effective, allowing for highly extensible 
actuators to be sent on space missions with substantially lower weight 
and volume than rigid link robots with the same reach distance. 
Similarly, an extensible gripper could be useful in deep sea environ-
ments where space is limited within the vehicle. Sea caves are com-
plex and space limited environments that are interesting places to 
search for new life (70). The narrow constraints of the caves limit the 
equipment that can be carried inside, motivating the use of actua-
tors that can be packed into a small volume and then extended.

There are areas where the GRIP-tape design could be improved. 
The convex surface of the tape spring is not an ideal shape for grip-
ping, particularly when only two supporting fingers are used, which 
limits its ability to grasp objects with sloped or irregular surfaces. 
Introducing an additional appendage and adopting a triangular lay-
out could substantially expand its manipulation capabilities, en-
abling better performance with at least one supporting appendage 
positioned beneath the object. We will also consider applying sur-
face treatments to the tape to further improve gripping stability. 
Thus, in future research, we may design a three-finger or four-
finger manipulator based on the GRIP-tape but with a more sta-
ble grip. Another potential direction for future development is to 
combine two sets of grippers in a perpendicular configuration or 
three appendages in a triangular arrangement, which would not 
only provide a more secure grip but also introduce an additional 
degree of freedom. With more than three active surfaces, where any 
two can define a rotation axis, the system can generate all possible 
rotation vectors within a plane. The remaining rotational dimen-
sion could be managed by a rotary stage, enabling full 3D rotation. 
In addition, multiple appendages offer a more stable grip compared 
to bimanual gripping.

In summary, the deployability and “soft”-mechanics of tape springs 
presents future opportunities for manipulation robots. Comprehen-
sively, the GRIP-tape is an example of a broader class of soft, curved, 
reconfigurable, and anisotropic mechanisms that provide a broad rep-
ertoire of mechanical properties for soft robot development (53, 71–
73). The GRIP-tape has been developed with the goal of creating an 
extensible gripper by utilizing the curvature properties of tape springs. 
The ease of fabrication and the unique mechanical properties of tape 
springs make them ideal structures for high extensibility manipula-
tors. Future manipulators based on this concept could be engineered 
for more advanced object control—including 3D detection, motion, 
and multi-axis object rotation—by adding additional appendages as 
supports and active surfaces. Overall, the mechanics of soft, curved 
materials provide bountiful opportunities for future reconfigurable 
robotic mechanisms.

MATERIALS AND METHODS
In this section, we describe in brief the design and fabrication of the 
GRIP-tape system. Please refer to the Supplementary Materials for 
more details.
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Fabrication
The fabrication setup, illustrated in fig. S1A, mirrors the design men-
tioned in the mechanism design section, using a 450 mm–by–
200 mm acrylic base to house fixed and movable extruders. Two 
extruders on the far left and right directly manage the appendages’ 
supporting sections, while two central extruders, positioned on a 
track, are guided by a rack-and-pinion mechanism for precise linear 
motion. This motion is stabilized by two 8-mm metal rods serving as 
guiding tracks, with smooth travel facilitated by linear bearings (fig. 
S1B). The system is powered by seven DYNAMIXEL motors, includ-
ing five XL430-W250-T units for length and gap control of the ap-
pendages and two XM540-W270-T motors for angular adjustments.

The extruder design incorporates active and passive rollers mounted 
on shafts supported by 5 mm–by–10 mm–by–4 mm bearings, with 
sandpaper-coated rollers enhancing friction. Each extruder includes 
entrance and exit guides designed to accommodate tape deforma-
tion, ensuring uniform support and preventing undesired bends 
caused by compression or external forces (fig. S1D). For angular 
control, the unit features a guiding ring mounted 115 mm away 
from the motor axis, with an offset rotational axis to minimize colli-
sions between the beam and tape during movement. An “X”-shaped 
stabilizer further supports the guiding ring, ensuring the tape re-
mains upright in section view, contributing to improved gripping 
performance (fig. S1E). Additional construction details can be found 
in the Supplementary Materials.

Motion programming
The programming framework for GRIP-tape, developed using MAT-
LAB and DYNAMIXEL Protocol 2.0, enables precise control and 
real-time feedback for the gripper’s movement and configuration 
(figs. S4 to S7). The system coordinates seven DYNAMIXEL motors 
using built-in proportional-integral-derivative controllers and a load 
cell for force feedback. Basic functions include forward kinematics 
for appendage positioning and modes for appendage transformation: 
Tip remain mode maintains consistent contact geometry, Outer only 
mode adjusts outer appendages for object manipulation without an-
gular displacement, and inner only mode exclusively moves central 
extruders along the track.

For object gripping and manipulation, the program adjusts the 
distance between inner extruders to ensure parallel contact for equal-
ized gripping forces. Translation combines gripping with appendage 
transformations along calculated waypoints, minimizing mid-way 
drops caused by nonlinear forward kinematics. Object rotation and 
conveying are achieved by synchronized appendage motions, where 
same-direction movements induce object rotation, while opposite-
direction movements enable conveyance.

We developed a MATLAB-based app enhances usability, featur-
ing sliders for position and force control, real-time appendage layout 
visualization, and emergency stops. An “Auto” function integrates 
object detection, measurement, and gripping. Gamepad controls 
(Logitech F310) further facilitate manual adjustments, enabling in-
tuitive manipulation of location, gap, and gripping force, along with 
object rotation and conveying functionalities. For more technical 
implementation details, see the Supplementary Materials.

Mechanical testing
We used two experimental setups to characterize the mechanical behav-
ior of the tape spring appendages. The first setup, a MARK-10 ESM750S 
Motorized Tension/Compression Test Stand with a MARK-10 M7-20 

force gauge, was used to evaluate the three-point bending strength 
of various tape configurations and the stiffness of the appendage’s 
tip curve. This setup allowed precise measurement of loading versus 
displacement curves.

The second setup focused on measuring the buckling strength 
and durability of the appendages. It consisted of a rotational stepper 
motor (SOYO SY42STH38-1684A), a rotary stage (Parker 30005-
S), a load cell (YZC-133 1KG), and an amplifier (FUTEK IAA100). 
In this experiment, the straightened appendage was mounted on 
the rotary stage driven by the stepper motor and rotated into con-
tact with a fixed-load cell at defined distances, providing data on 
the appendage’s resistance to buckling and its performance under 
repeated loading.

Kinematics experiment
The accuracy of the GRIP-tape appendage control was evaluated using 
a motion capture software OptiTrack Motive and OptiTrack Primex 
13 cameras. We performed two sets of experiments to characterize the 
theoretical kinematics model compared to the actual appendage mo-
tion. In the first experiment, we commanded the appendage to move 
to 16 locations across a 4 × 4 grid over the workspace (Fig. 4C), with 
six trials for each location. In the second experiment, we commanded 
the appendage tip to move along different xy paths over three cycles.

Supplementary Materials
The PDF file includes:
Materials and Methods
Figs. S1 to S10
Legends for movies S1 to S8

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S8
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