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SOFT ROBOTS
Bridging hard and soft: Mechanical metamaterials
enable rigid torque transmission in soft robots
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Torque and continuous rotation are fundamental methods of actuation and manipulation in rigid robots. Soft
robot arms use soft materials and structures to mimic the passive compliance of biological arms that bend and
extend. This use of compliance prevents soft arms from continuously transmitting and exerting torques to interact
with their environment. Here, we show how relying on patterning structures instead of inherent material properties
allows soft robotic arms to remain compliant while continuously transmitting torque to their environment. We
demonstrate a soft robotic arm made from a pair of mechanical metamaterials that act as compliant constant-
velocity joints. The joints are up to 52 times stiffer in torsion than bending and can bend up to 45°. This robot arm
continuously transmits torque while remaining flexible in all other directions. The arm’s mechanical design achieves
high motion repeatability (0.4 millimeters and 0.1°) when tracking trajectories. We then trained a neural network to
learn the inverse kinematics, enabling us to program the arm to complete tasks that are challenging for existing
soft robots, such as installing light bulbs, fastening bolts, and turning valves. The arm’s passive compliance makes
it safe around humans and provides a source of mechanical intelligence, enabling it to adapt to misalignment when
manipulating objects. This work will bridge the gap between hard and soft robotics with applications in human

assistance, warehouse automation, and extreme environments.

INTRODUCTION
Soft robots leverage their distributed compliance to interact safely
with humans (1) and the environment (2, 3). However, entirely
compliant robots struggle to twist objects and transmit continuous
rotations. In applications such as reorienting parts in warehouse au-
tomation (4), fastening bolts during industrial assembly (5), or
twisting multiturn valves in extreme human-engineered environ-
ments (6), soft robots remain unequipped to exert the necessary
torque to manipulate their environment. For traditional robot arms,
torque can be directly and continuously transmitted through links
because of their torsional stiffness. Although this makes rigid robots
efficient at twisting tasks, they carry inherent safety risks because of
high mass and stiffness, resulting in robots working in structured
environments isolated from humans. By mimicking soft biological
appendages, such as elephant trunks (1, 7-10) and octopus tentacles
(11-15), soft robot arms are not only safe around humans but also
can move with high dexterity and adapt to environmental uncer-
tainty. Bioinspired robots that combine bending with extension gain
additional agility over just bending (16, 17). We need robot arms
that combine the safety and dexterity of bending and extending with
the utility of continuous torque transmission to work directly along-
side humans.

Building soft robots from soft materials makes torque transmis-
sion inherently difficult. Materials such as elastomers are commonly
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used to build soft arms (18, 19) but lack the torsional rigidity neces-
sary for exerting torques. Existing flexible torque couplings, such as
flex shafts and bellows, have notable limitations. Flex shafts have a
high torsional rigidity and can be directly embedded within soft ro-
bots (20); however, they are only compliant in bending and, thus,
restrict the robot from extending. Bellows, although able to bend and
extend (21), are difficult to nest and must sacrifice their range of mo-
tion for torsional stiffness. Alternatively, twist actuation can be
achieved by introducing chirality into a soft structure. Soft robots
that use pneumatic artificial muscles with angled fibers (22, 23),
inflatable helical structures (24-26), vacuum-powered elastomeric
twist actuators (27-29), foldable origami (30, 31), and handed shear-
ing auxetics (32, 33) can transmit rotation, but all are confined to a
finite range of motion. These existing solutions cannot be continu-
ously driven to transmit multiple torques while remaining flexible in
extension and bending.

Creating a soft robot arm that bends and extends but is tor-
sionally stiff requires a material with both soft and hard modes
of deformation. Specifically, we need a material that is much
stiffer in twisting than in bending and extension. Biological
structures, such as plants, have been observed to evolve large dif-
ferences in torsional and flexural stiffness as a method of adapt-
ing to dynamic environmental conditions (34-36). By altering
their morphometric parameters (axial and polar second moment
of inertia), many species of plants use the geometry of their
stems and petioles to control the relative stiffness of their defor-
mation modes. Similarly, creating soft robots with a large stiff-
ness differential between flexure and torsion can be done by
tuning their elastic response at the geometric level. This is pos-
sible using mechanical metamaterials, where mechanical be-
havior is a function of both mesoscale geometry and material
properties (37, 38).

In this work, we present a robot made from a mechanical meta-
material that is stiff in torsion yet soft under all other deformation
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modes (Fig. 1 and Movie 1). We call these metamaterials torsion-
ally rigid universal couplings (TRUNCs). A single coupling acts as
a soft constant-velocity joint (fig. S2). Multiple couplings can be
connected in series and parallel to create nestable flex shafts that
transmit independent concentric torques along complex curves.
We present an arm composed of these joints that can interface
with common tools, such as socket drivers and wrenches, while
remaining soft and safe around humans. By bending and extend-
ing similar to an elephant’s trunk, the arm increases its workspace
size and gains additional agility. Our cable-driven arm achieves
high movement repeatability for trajectories (0.4 mm and 0.1°)
that outperforms the current state of the art for soft multistage
arms (I). Last, we demonstrate the real-world utility of our arm by
having it install a lightbulb, assist a human with fastening bolts,
and turn a shutoff valve. This work presents a robot arm that com-
bines the safety and dexterity of soft robots with the utility of their
rigid counterparts.
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RESULTS

Design and mechanical analysis

Flexible structures for continuous torque transmission should be
nestable and focused on achieving a high torsional stiffness without
reducing the overall range of motion. The primary existing solu-
tions, bellows (21) and flex shafts (20), do not fully satisfy these per-
formance metrics. Flex shafts are inextensible, and bellows trade off
torsional rigidity with bending range of motion (see the Supplemen-
tary Materials). We, instead, took inspiration from metamaterial
design to demonstrate a family of materials to build soft robots. We
introduce point group auxetics to create TRUNC:s.

Conventional auxetics are often modeled as, and constructed of,
rigid links that connect at rotational joints. Auxetics expand along a
trajectory controlled by a single phase angle y that determines the
expansion of the unit cell (identified for each cell with an arc in Fig.
2). As the phase angle increases, the cell expands in multiple direc-
tions up to a maximum phase angle ymax (32). The symmetries of
an auxetic are denoted here using orbifold notation. Orbifolds and
their associated notation denote a symmetry group by its generating
manifold (39).

The symmetry group building blocks for three-dimensional (3D)
structures are the 3D point groups. The 3D point groups are those
that preserve a point through a discrete set of translations and rota-
tions, and, hence, they are also tilings of the surface of a sphere. They
break down into two subsets, seven polyhedral groups and seven
axial point groups. The axial point groups preserve a single axis of
rotation. The preservation of an axis generates two poles and an
equator and orients the structure. Although the polyhedral groups
are finite, the axial groups form infinite families where the rotation-
al and mirror symmetries around the axis can vary from two to in-
finity (40).

Because the axial point group structures have a pole and equator,
they can have three basic rotational responses: The poles can twist
relative to each other to produce a net twist, the equator can rotate
relative to the poles, or there can be no relative rotation. The 2*N

Selectively Compliant =  Composition

Traditional robots use rigid
materials for continuous torque
actuation

Soft biological arms and
appendages gain agility by
bending and extending

Here we show mechanical
metamaterials that are stiff in
torsion yet soft in bending and
extension

Robots built from these
metamaterials are soft but can
continuously exert torques

Fig. 1. TRUNC conceptual overview. We present a joint that is torsionally rigid yet compliant in bending and extension. The joint can be directly connected to a motor
to create soft torque actuators. Multiple joints can then be composed to create soft arms with continuous torque actuation.
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patterns, where N is any positive integer, maintain a structure along
the equator of the sphere that connects to the poles, making them
rigid to torsion.

We used these patterns to define a design space of TRUNC:s,
which encompasses their kinematic, geometric, and material param-
eters. The kinematic design space is defined by the tiling of a unit cell.
The unit cell's geometry and properties are defined by the beam
thickness and width (fig. S1A) relative to the neutral radius and the
Young’s modulus (E) of the base material. These, together, determine
the mechanical performance of a TRUNC.

We designed TRUNC s as tilings of the auxetic double arrowhead
structure seen in Fig. 2. Although there are N tilings of the cell
around the equator defined by the symmetry group 2*N, there can
also be M tilings between the poles, where M can be any number
two or greater (fig. S1). As M increases beyond two, additional inter-
nal degrees of freedom are introduced. We therefore focused on two

A Equatorial TRUNC

variations of the TRUNC joint that we call the equatorial (M = 2)
and truss (M = 3) designs, shown in Fig. 2 (A and B), respectively.

Both variants behave as a spherical mechanism on a sphere of
nonfixed radius and act as constant velocity joints (see the Supple-
mentary Materials). The axial point group symmetry 2*N reduces
the easy modes of deformation to extension or compression along
the axis when unit elements are deformed axisymmetrically and bend-
ing along the axis is produced by an antisymmetric deformation of
unit elements. Twisting along the axis is a stiff mode, allowing trans-
mission of rotation along composed axes. We chose a fourfold equa-
torial symmetry, *4, because it is the simplest family that produces
pairs of cells for expansion and compression in each direction. The
internal mode of the truss structure (M = 3) allows shear internal to
the cell, which can only be achieved through beam bending in the
equatorial structure (Fig. 2, A and B). The result is cells that can ex-
tend, bend, and shear while being rigid to torsion.

B Truss TRUNC
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Fig. 2. The two TRUNC variants and mechanical properties. (A) The equatorial TRUNC has a single band of joints along its equator. Scale bar, 20 mm. (B) The truss TRUNC
has two bands of joints on either side of the equator. This doubled structure allows for shear internal to the cell, which is disallowed in the equatorial structure. Scale bar,
20 mm. Moment rotation in twist and bending modes and force displacement in extension for the (C) equatorial cell and (D) truss cell demonstrate soft bending and ex-
tension compared with twist. (E) A truss TRUNC performing a screwing operation at various bend angles, demonstrating torque transmission while bending. An internal
conical spring provides restoring force. A time stamp (minutes:seconds) is displayed in the bottom left corner of each frame.
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We characterized the selective compliance of both TRUNC vari-
ants using the ratio of torsional stiffness to flexural stiffness. The
twist-bend ratio can be expressed as GJ/EI using a specimen’s E,
shear modulus (G), axial second moment of area (I), and polar sec-
ond moment of area (J). We note that the twist-bend ratio is the in-
verse of the ratio used to study plants, which often aim to minimize
torsional stiffness and maximize flexural rigidity (35, 41). We em-
pirically characterized the flexural and torsional stiffness of both
variants of the joints. The joints we characterized were made with
spring steel (see Materials and Methods), and their stiffness values
were found using linear regression on the moment-rotation data
shown in Fig. 2 (C and D). Our results show that both variants
are substantially stiffer in twisting than in bending. The equatorial
TRUNC (Fig. 2A) has a twist-bend ratio of 11, and the truss variant
(Fig. 2B) has a ratio of 52. In simulation, we investigated the fabrica-
tion design space parameters, defined by the material choice, cell
diameter, and link width and thickness. We found that although the
twist-bend ratio of both cells increased with a material’s elastic mod-
ulus, the truss cell was less sensitive to changes between stiff materi-
als (fig. S3). Furthermore, as the link’s width and height increased
relative to the cell’s diameter, the twist-bend ratio increased and the
performance gap between both cell variants became smaller (see the
Supplementary Materials).

Given their large twist-bend ratios, TRUNCs can serve as highly
flexible torque couplings. They can bend up to 45° from the neutral
state while remaining 85.7% efficient in torque and energy trans-
mission (fig. S6A). This gives them the flexibility of rubber bellows
while remaining much closer to the torsional rigidity of steel bel-
lows, which can only bend up to 10°. To illustrate the TRUNC’s
torsional rigidity, we connected a truss joint to a power drill and
drove a screw into birch wood at various bend angles (Fig. 2G and
movie S1). A conical spring was added inside the cell to provide a
restoring force without transmitting any torsional load because its
rotational degree of freedom is not rigidly constrained. This dem-
onstrates how the TRUNC’s large twist-bend ratio enables torque
transmission through the hard mode while accommodating mis-
alignment through the soft modes. To demonstrate the fatigue re-
sistance of the cells, we cycled seven cells through more than 6800
cycles with strains of more than 10% without failure (see the Sup-
plementary Materials).

TRUNCs can be chained and nested
The two TRUNC variants we previously introduced can be com-
posed into larger metamaterials by connecting them in series or by
concentrically nesting them as shown in Fig. 3. When connected in
series, fixed axis to axis, the TRUNCs act as a flexible shaft, convey-
ing rotational motion and torque along a curved path. We show how
a TRUNC made as a continuous material with living hinges can de-
form and transmit rotation. However, unlike traditional flex shafts,
our design is extendable. When stretched by 20% of its length, the
TRUNC flex shaft maintained 83.6% of its original torsional rigidity
(Fig. 3B). Chained TRUNCs can mimic the extension of elephant
trunks while maintaining their stiff torsional coupling properties.
To transmit multiple concentric torques, flexible torque cou-
plings should nest efficiently inside each other. Because TRUNC:s are
based on spherical geometry, they can easily be nested as a series
of concentric shells with ample room for clearance. This concentric
composition is limited only by space and can theoretically provide
an infinite number of rotational degrees of freedom. Nested TRUNCs
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bend and extend in unison but rotate independently (Fig. 3D).
TRUNC:S can be nested much more efficiently than bellows because
more than 85% of their volume is unoccupied, compared with
35% or less in bellows couplings (see the Supplementary Materials).
When nested, a small cross-coupling effect exists between the cells
because of friction within the bearings of the assembly (fig. S3).
This allows nested TRUNCs to transmit multiple independent torques
through the same bend angle.

When cells were nested and chained (Fig. 3E), they created a flex
shaft that can transmit multiple torques independently along its
length. To demonstrate this, we connected the flex shaft to a rota-
tional gauge with two indicator dials. We then independently con-
trolled the dials by switching the input torque between the inner and
outer columns of the flex shaft (see Fig. 3 and movie S2). When the
inner shaft was driven, the green dial moved, and the red remained
still even as the arm deformed. When the outer shell was driven, the
inner green dial remained still. This demonstrates that the drill was
only weakly connected to the dial indicator in terms of position, al-
though the torsional connection remained strong. This allows us to
build couplings that move freely through space while transmitting
an arbitrary number of independent torques. Moving beyond soft
materials to mechanical metamaterials enables us to build torque
transmissions that rigidly couple input and output drives while re-
maining flexible in bending and extension.

A soft robotic arm composed of TRUNCs

The nested TRUNC flex shafts we showed in the previous section
enabled us to create soft robots capable of continuous torque actua-
tion. Our arm’s design rigidly coupled the end effector to a drill mo-
tor statically mounted at the base using a truss flex shaft. This layout
leverages the benefits of direct motor drives while maintaining the
robot’s low inertia. The truss flex shaft was then nested within an
equatorial shaft that guided the actuation tendons that control the
arm (Fig. 4A). The cable actuation system used nine servo motors
mounted at the base. The nine cable lengths define the arm’s con-
figuration space & € R’ and encode all possible arm poses. Cables
attach to the arm at three active joints that we call the shoulder, el-
bow, and wrist. The remaining joints connected between are passive.
In its neutral state £, the arm’s cables were minimally preten-
sioned to a manually configured set point. An active joint could then
be bent and compressed by varying the three corresponding cable
lengths. This deformation was coupled to the passive joints above
the active joint, allowing smooth bending and compression along
each arm segment. We used springs to provide restoring forces that
extend the arm as cable tension is released. The cables attached to
the arm using spring structures that bend and twist in-plane, allow-
ing them to remain compliant to contact forces (Fig. 4C) but resist
out-of-plane bending when actuated. Our arm design combines
the advantages of soft bioinspired arms with the utility of direct and
continuous torque actuation.

Bending and extension enable the arm to position the end effec-
tor within a sizable workspace. We empirically measured the arm’s
reachable workspace by recording the end effector’s position over
a bounded subspace of Z consisting of 18,300 poses (see Materials
and Methods). The boundaries of this subspace were found experi-
mentally by driving the arm to extremal poses. The workspace
was then reconstructed by fitting an alpha shape (o = 34.4 mm)
to the 3D point cloud, producing a concave hull with a volume of
18,272 cm® (Fig. 4D). The projection of the workspace onto the xy
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Fig. 3. Composition of TRUNCs. (A) Joints can be chained in series to create flex shafts that transmit torque while bending and extending. Scale bar, 30 mm. (B) TRUNC
flex shafts remain torsional rigid under extension. The red boundary represents the minimum and maximum bounds of the torsional stiffness K7 for n = 5 trials. (C) Joints
can also be concentrically nested. Scale bar, 30 mm. Nested joints are coupled in bending and extension but (D) rotate independently. (E) Nested joints can be chained to
create flex shafts that transmit multiple torques. (F) Each column of the flex shaft rotates separately, allowing multiple independent rotational degrees of freedom. Scale

bar, 50 mm.

plane approximated a circle with a diameter of 600 mm or 84.5% of
the arm’s neutral length (I = 710 mm). The cross-sectional view of
the xz projection shows that the workspace is symmetric about the z
axis and illustrates how the extension degree of freedom increases
the total volume. We note that the workspace is thickest near the
origin and becomes thinner near the edges. This thinning effect
occurs because the arm undergoes additional compression while
bending, which reduces its range of motion. From our workspace
analysis, we found that the arm can compress up to Al = 94.3 mm,
or 13.3% of its length in the z direction, and tilt the end effector up
to 83.9° from the ground plane.

Within this recorded workspace, we characterized the positional
and angular repeatability of the arm’s movements. Because of non-
linear and hysteretic effects, a soft robot’s state at any time is influ-
enced by its history of previous states (42). Thus, we used separate
tests to measure repeatability for point positioning and trajectory
following. We generated the test trajectory by randomly selecting
100 configurations and ordering them using K-nearest neighbors as
a greedy solution to the traveling salesman problem. The point re-
peatability test used the same points but randomized the order at the

Carton etal., Sci. Robot. 10, eads0548 (2025) 19 March 2025

start of each trial. Before each trial, the arm cycled five times be-
tween its neutral and fully compressed state to reset any hysteretic
effects from previous tests. For each test, the arm visited the 100
points over five trials, and we calculated the translational and angu-
lar distance of each data point from its cluster’s mean. For point po-
sitioning, we found the SD of the residual distances to be 2.1 mm
and 0.1° (Fig. 4E). When tracking a trajectory, the SD decreased to
0.4 mm and 0.1° (Fig. 4F). With millimeter-level trajectory repeat-
ability, our arm outperforms state-of-the-art multistage soft arms on
trajectory precision (1).

Experimental demonstration

Continuous torque actuation can enable soft robots to perform a
broader range of real-world tasks than their completely compliant
counterparts. We trained a neural network to learn the arm’s inverse
kinematics (see Materials and Methods) and demonstrated the
TRUNC arm installing a light bulb, fastening bolts for a mother-
board, and shutting off a valve. For these experiments, we measured
the position of target objects (see Materials and Methods) and
then used the learned inverse kinematics model to generate each
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Fig. 4. Design and analysis of the TRUNC arm. (A) The body of the robotic arm consists of two nested flex shafts. Torque is transmitted to the end effector using a drill
motor mounted at the base. Scale bar, 10 cm. (B) A head-on view of the arm with the socket driver end effector. Scale bar, 25 mm. (C) The cables are connected via a
structure that can bend and twist in plane but resists out-of-plane bending. (D) The workspace was empirically measured by sampling 18,300 poses. The bounding hull is
concave and approximately symmetric about the z axis. A cross-sectional view shows how the arm increases its workspace volume by extending along its length. (E) The
arm’s positional and angular repeatability when visiting points in a random order (point precision) and (F) a fixed order (trajectory precision). Plotted points represent

averaged values across n = 5 trials, and the color map is the SD.

trajectory. In the first experimental demonstration, the arm installed
a light bulb into a lamp (Fig. 5A and movie S3). Our end effector was
a commercially available universal light bulb changer that grips
the bulb using rubber-coated steel. The arm first positioned the bulb
above the socket before lowering it into place. Compliance enabled
the arm to passively align itself for peg-in-hole insertion tasks. The
arm leveraged this by extending past the targeted z height to in-
crease the insertion force, helping the bulb’s threads engage once the
bulb started rotating. Once positioned within the socket, the bulb
was rotated by 2% revolutions, which completed the circuit and
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turned it on. The arm then disengaged with the bulb by pulling the
end effector up before returning to the home position. This demon-
strates that even using simple motion planning, the arm could care-
fully handle and manipulate delicate objects and perform complex
fastening operations.

In the next experiment, we used the TRUNC arm to work along-
side a human and install a motherboard on a mounting frame (Fig.
5B and movie S4). The assembly began with the human placing the
board on the standoffs and prefastening the M6 bolts by two turns
each while the arm waited nearby. Once the board was placed, the
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that passively gripped and locked onto
the valve once it began turning. The arm’s
continuous end effector rotation simpli-
fied the task because the gripper did not
need to disengage and reengage while op-
erating in a tight space. The arm com-
bined bending with linear translation to
reach the valve and slide the end effector
over it. A smooth motion transition in
orientation was achieved using spherical
linear interpolation between the home
and target quaternions. Once engaged with

gripper removed

0:48 | I

0:6 [ [
robot fastens 2" bolt

robot fastens 15t bolt

- the valve, the arm applied 3% clockwise

50 mm

rotations, which successfully shut off
airflow as indicated by the outlet’s blue
streamers. While actuating the valve, the
arm passively deformed to compensate for
misalignment between the wrench and
valves center of rotation.

DISCUSSION
We present the TRUNC arm, a flexible soft
robot that has the utility of continuous torque

ik

1:03 [
installation complete

robot moves robot turns valve

valve open

Fig. 5. Demonstrating applications for the TRUNC arm. (A) Delicately installing a light bulb into a lamp. The arm
positioned the bulb and then rotated it until the bulb turned on. Scale bar, 50 mm. (B) Safe human-robot collabora-
tion for motherboard installation. The robot secured the board to the frame by fastening bolts, while the human
installed computer memory modules. Scale bar, 50 mm. (C) Manipulating a valve positioned between two plastic
pipes to shut off airflow. Scale bar, 50 mm. A time stamp (minutes:seconds) is displayed in the bottom left corner of

each frame.

arm received a command to begin fastening bolts that secured the
board to an aluminum frame. As the arm fastened bolts, the human
worked alongside it by installing computer memory modules. The
arm was programmed to position the socket above each fastener be-
fore lowering in the -z direction. The end effector’s universal socket
adapter (Fig. 4B) had spring-loaded pins that decouple the need for
simultaneous extension and rotation during thread fastening opera-
tions. This enabled the arm to hold its position while transmit-
ting torque to fasten each bolt by 7% revolutions. Automating this
thread-fastening subroutine allowed the human co-worker to con-
tinue working safely in parallel with the robot.

Last, we showed how the arm can manipulate objects within con-
strained spaces. This demonstration simulated a leak scenario where
the arm had to reach and turn a valve positioned between two pipes
(Fig. 5C and movie S5). We used a 3D-printed wrench end effector

Carton etal., Sci. Robot. 10, eads0548 (2025) 19 March 2025

actuation. The arm’s design was based on
a pair of soft extendable constant-velocity
joints capable of continuous torque ac-
tuation. We introduced and character-
ized two variants of the joint based on
the same symmetry group. The joints
achieved a wide range of motion in com-
pression and bending. The selective com-
pliance built into their design, with a low
axial and bending stiffness but high
torsional rigidity, allows TRUNCs to be
coupled with motors to create soft actua-
tors that can transmit torque.

We showed how composing TRUNCs
enables them to transmit multiple torques
over longer distances. The first composi-
tion method connected joints in series to
create flexible shafts capable of bending
and extending, whereas nesting joints
inside each other enabled concentric
torque transmission. We combined both methods to create a nested
flex shaft with two rotational degrees of freedom about the central
axis that we independently actuated in Fig. 3E.

We applied these principles to create a soft arm with continuous
torque actuation. The cable-driven arm transmitted torque to its end
effector using a flexible TRUNC shaft connected to a motor mounted
at its base. We demonstrated that the arm could compress up to
13.3% of its length and tilt the end effector up to 83.9° from the
ground plane. The arm could position the end effector within a large
workspace by bending, compressing, and extending and moved with
high motion repeatability along trajectories (0.4 mm and 0.1°). This
enabled the arm to perform many real-world tasks that were previ-
ously inaccessible to soft robots.

We chose three tasks to demonstrate the versatility of the TRUNC
arm using different end effectors in different environments. The first

L "SOmm
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task, installing a light bulb, demonstrated that the arm has the mo-
bility to extend and twist while manipulating delicate objects and to
passively align itself when fastening threads. In the second task, the
arm worked safely around a human to install electronic compo-
nents. In the third task, the soft arm was able to navigate a close en-
vironment to shut off a valve by rotating it continuously over
multiple turns. Using selective compliance, the arm combined flex-
ibility with robust manipulation. This work bridges the gap between
soft and rigid robots by combining the safety of compliant struc-
tures with the utility of rigid and continuous torque transmission.

MATERIALS AND METHODS

Cell and arm fabrication

The monolithic flexure TRUNCs were printed on a Carbon M1
printer using FPU 50 resin. Spring steel TRUNCs were assembled
from laser-cut 0.01-inch (0.254-mm) 1095 hardened spring steel.
Technical drawings are provided in the Supplementary Materials.
Spring steel parts were sanded around the joint locations to expose
the bare metal, removing defects, burs, and surface coatings. Steel
links were manually bent using a 56-mm-diameter spherical mold
for the truss cells and an 88-mm-diameter mold for equatorial cells.
The links were then assembled using M2 screws and nylon lock nuts.
Chained cells were connected using a 4-mm steel rod press-fit into a
bearing (McMaster part ID: 6655K47) that was fastened to the cell
with a 3D-printed connector. Heat-set threaded inserts were in-
stalled to fix the coupling shafts to the cells. Nesting cells were offset
with a thrust bearing (McMaster part ID: 6655K47) between the
contacting surfaces to reduce friction.

We used nine Hitec HS-785HB winch servos for the cable actua-
tion system. The home configuration (#},,,,,.) was found during the
arm’s setup by controlling each motor until its cable’s slack was re-
moved. The cable attachment triads (Fig. 4C) were fabricated on a
Prusa MK4 extrusion 3D printer in PLA+. The triad structures
route the cables through an embedded polytetrafluoroethylene lin-
ing to reduce friction. Actuating cables were 0.75-mm synthetic
braided cables. A conical spring (K = 1.22 N/mm) was mounted
inside each cell with a free length longer than the inner sphere diam-
eter so that the cells were pretensioned, providing a restoring force
for the arm. The arm also had six extension springs (K = 0.07 N/mm)
for each cell that provided restorative forces when bending. Torque
was transmitted to the end effector using an 18-V dc Milwaukee drill
motor (connected to a 2.15-V power supply) and was toggled using
a relay module. The motors and arm were mounted to a 0.25-inch
(6.35-mm) aluminum base plate that was fixtured to the motion
capture booth.

Kinematic characterization using rotational encoders
Kinematic tests for the joints (Fig. 3D and fig. S2) were conducted
using two YUMO E6B2-CWZ3E rotational encoders connected to a
National Instruments USB-6009 data acquisition unit. The input and
output shafts were connected to separate encoders mounted on a
steel fixture plate, and a 12-V dc motor was then used to drive the
input shaft. Data were sampled at a rate of 10,000 Hz, and the quadra-
ture signals were read and decoded in MATLAB.

Mechanical characterization
The tensile, torsional, and flexural tests were performed using an
Instron CCP122055 biaxial load cell (+450 N and +5 N-m). For the
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spring steel TRUNCs, we applied WD-40 to the spring to reduce
friction. In our bending and torsion tests, we rotated the cell by —5°
before returning to the origin to reduce backlash effects. Data were
collected at intervals of 1° with an angular velocity of 1 rpm. In our
extension tests, we precompressed the cell to —2 mm before return-
ing to the origin. Data were then collected at intervals of 0.2 mm
with a linear velocity of 0.5 mm/s.

Motion capture setup

We captured the ground truth pose of the arm using an Opti-
Track motion capture system with eight Flex 13 cameras and
streamed the data to MATLAB using NatNet. The workspace da-
taset (Fig. 4D) and trajectory tests (fig. S9) tracked the end effec-
tor using the socket tool with four markers affixed at the base.
Because the inverse model was trained on data collected with the
socket end effector, we measured a coordinate transformation for
each tool to compensate for geometric differences when generat-
ing new trajectories. For our experimental demos (Fig. 5), we
measured the position of the target objects (bolts, socket, and
valve) using 3D-printed mounts for motion capture markers be-
fore testing.

Neural network training

We trained our inverse kinematic model on the workspace dataset
(Fig. 4D), consisting of 18,300 pairs of configuration states and end
effector poses. Randomly sampling the configuration space of cable-
driven poses resulted in ill-defined configurations where the arm
lost actuation degrees of freedom because of slack or “dead bands”
in the cables. Our learning approach sampled % using an approxi-
mate kinematic model (see the Supplementary Materials) and re-
fined these configurations during the data collection process by
slowly tensioning each cable until the end effector moved by more
than 3 mm or 1°. In addition, we enforced a bijective mapping to
SE(3) by virtually coupling the shoulder and elbow rotations (see
the Supplementary Materials). The dataset was normalized using
minimum-maximum normalization and then split into training
(80%) and validation (20%) sets.

The deep neural network was implemented in PyTorch and
consisted of three fully connected layers. The input layer size
(seven neurons) corresponded to the end effector’s position (x, y,
z) and orientation represented as a quaternion (qy,» qx gy 42)-
There were two hidden layers with 1600 neurons each and recti-
fied linear unit activation functions to introduce nonlinearity.
Last, the output layer had nine neurons corresponding to the di-
mensions of &Z. For our loss function, we used the mean squared
error between the predicted and actual arm configurations. When
training, we used the Adam optimizer with a learning rate of
0.001, a momentum of 0.9, and no weight decay. The learning rate
was annealed using exponential decay with A = 0.9. We used a
batch size of 16 to balance computational efficiency and the gran-
ularity of learning. The model was trained for 50 epochs, which
took 120.6 s using a cloud-based graphics processing unit (Nvidia
Tesla v100). The final mean training error was 1.04 mm per
cable, whereas the mean validation error was 1.11 mm per ca-
ble. When performing inference to generate trajectories, the
model was run on the computer’s central processing unit (12th-
generation Intel i7-12700 2.10 GHz) and took on average 0.368 ms
per waypoint. Trajectory-following results are provided in the
Supplementary Materials.
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Statistical analysis

When quantifying uncertainty for empirical results (Fig. 3B and
figs. S5, B and C, and S7), we performed n = 5 consecutive trials
and averaged the results. We then defined our uncertainty bounds
as the minimum and maximum values at each sampled interval.
For the TRUNC arm repeatability tests in Fig. 4 (A and B), we also
performed »n = 5 trials but quantified uncertainty using the SD
to ensure consistency with established performance metrics for
soft arms (I).

Supplementary Materials
The PDF file includes:

Materials and Methods

Figs.S1to S9

Legends for movies S1to S5

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S5
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