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Abstract— Conventional soft robots are designed with con-
stant, passive stiffness properties, based on desired motion
capabilities. The ability to encode two fundamentally different
stiffness characteristics promises to enable a single robot to
be optimized for multiple divergent tasks simultaneously and
this has been previously proposed with a variety of approaches
including jamming-based designs. In this paper, we propose
phase-changing metallic spines of various geometries to inde-
pendently control specific directional stiffness parameters of soft
robots, changing how they respond to their actuation inputs and
external loads. We fabricate spine-like structures using a low
melting point alloy (LMPA), enabling us to switch on and off the
effects of the stiff metal structure of the overall robot’s stiffness
during use. Changing soft robot morphology in this manner
will enable these robots to adapt to environments and tasks
that require divergent motion and force/moment application
capabilities.

I. INTRODUCTION

Soft robots are typically optimized for a single kind of
task. For example, high flexibility is desired in constrained
environments to ensure safety in the event of unanticipated
robot-environment collisions. Conversely, stiffness is desired
when the robot must manipulate heavy payloads. This trade-
off is fundamental; compliance is desired for safety and
stiffness for applying forces. Typically these conflicting
objectives require the designer to choose robot parameters
that are non-optimal for both objectives individually.

Towards obtaining the best of both, researchers have
sought variable stiffness designs for continuum robots. These
include multi-backbone robots with mechanically actuated
secondary backbones that change stiffness along part of the
robot for fine motion control [1] or to shift the workspace
[2]. Another approach is to use antagonistic tendon actuation
to modify stiffness [3]. Pneumatic bellows have also been
combined with tendons to enable antagonistic stiffening
[4]. Magnetic mechanisms have been proposed to lock a
segment of a tendon-actuated robot into a curved shape while
using the same tendon to actuate a neighboring segment
[5]. Another stiffness modification technique that has been
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proposed for soft robots is granular or layer jamming [6], [7].
Recently, an approach to change stiffness using thin sheets
of a shape memory polymer was developed to change the
bending stiffness of a single-DOF pneumatic robot [8]. Some
of the aforementioned stiffening techniques for continuum
robots enable directional stiffness control. However, in most
cases, soft robot stiffening mechanisms, such as vacuum
jamming approaches, typically stiffen all bending directions
at once, cannot selectively change bending in one direction,
or modify torsional stiffness parameters.

In this paper, we propose the integration of geometrically
patterned low melting point alloys (LMPA) to enable di-
rectional stiffening in elastomeric tendon-driven continuum
robots (TDCRs), generalizing prior work that has used
LMPAs to stiffen soft robots (see e.g. [9]-[11]). These

Fig. 1. Phase-changing metallic spines can change the directional bending
stiffness parameters of a soft robot via melting and solidifying the spine,
which is encased in a silicone matrix. A soft arm with a rectangular
LMPA backbone consisting of aligned interlocking joints has a much higher
bending stiffness in one plane of bending (a) than the other (b) when the
spine is solidified. When the LMPA spine is liquified, the LMPA pockets
become deformable, and the robot can bend in the plane in which it
previously had higher stiffness (c). If the LMPA is solidified in a curved
configuration, the vertebrae take on a new shape which induces a pre-
curvature in the arm in the solid state (d).



metal alloys melt at temperatures typically between room
temperature and that of boiling water. They provide a way
to change soft robot stiffness by an order of magnitude
during use. LMPAs have been used for this purpose in a
two-link continuum arm with a liquid metal core [9], a
truss-like continuum arm [10], and an electrically actuated
gripper [11]. These designs exhibit large LMPA cores and
are designed to be flexible (similar to a traditional soft robot)
when the metal is liquid, and as stiff as possible when the
metal is solid (i.e. they are intended to behave as rigid links
in this state). In this paper, we generalize this idea in two
important ways. First, we propose to change the geometry
of the LMPA within the robot from a solid core to a spine
made from multiple interlocking individual LMPA chambers.
The interaction between the rigid LMPA elements and the
surrounding soft material enables the robot to change its
curvature in the stiff state, rather than acting purely as a rigid
link. Second, we propose several geometric arrangements
of these spines that enable us to program desired stiffness
asymmetries (i.e. independently control stiffness parameters
that are typically coupled in past designs) to change the
robot’s behavior. This is shown conceptually for one such
design in Fig. I, which has a spine that restricts bending to
one plane while solid, but allows bending in all directions
while liquid. In the final section, we demonstrate how a
multi-segment soft robot can be directionally stiffened via
selective melting and solidification of the LMPA spines.

Our proposed design enables control of specific stiffness
parameters using interlocking individual LMPA chambers
that form a spine, and can be heated with heating wire to
switch between soft (liquid) and stiff (solid) states. This
concept was loosely inspired by two biological features.
Biological spines consist of vertebrae that interlock and
exhibit stiffness and range of motion variations in different
directions. For example, snakes exhibit preferential bending
in the plane across which they locomote [12], and the human
spine also has differing ranges of motion and stiffness in
different directions of bending [13]. The other biological fea-
ture that our designs draw inspiration from are the nonlinear
muscle fibers present in biological tentacles and trunks [14],
[15] which have inspired tendon-driven continuum robots for
a wide variety of applications [16]-[20]. We use nonlinear
tendons to apply more general loads than linear routing
paths, including coupled, non-planar forces and moments.
The effects of nonlinear tendons have been modeled in the
past [21], and can be used to shape workspaces to task
objectives [22], [23]. It is worth noting that with tendon
routing alone, design choices must be made a priori. But by
combining curved routing with LMPA spines, we have the
potential for new effects. For example, we demonstrate how
to turn on and off the certain bending modes, thus changing
how actuating each tendon moves the soft robot.

To illustrate the ability of LMPA spines to enable a robot
to switch between two different stiffness states by liquifying
or solidifying the spine, we built four example prototypes.
The first (referred to as “Prototype 17 in Section III) has
a spine of interlocking elements aligned in the same plane,

enabling it to exhibit higher stiffness in one bending plane
than the other. The second (Prototype 2) has stacked semi-
circular disks that shift the stiffness center away from the
central axis of the device. This makes it able to bend to
higher curvatures in one in-plane direction than the other.
The third (Prototype 3 described in Section IV) has a hinged
LMPA spine similar to Prototype 1, except each successive
hinge is rotated 90 degrees with respect to its neighbors,
resulting in a high torsional stiffness about the central axis
of the device, while still enabling bending in both directions,
even when the spine is in the solid state. The last prototype
(Prototype 4, which we demonstrate in Section VI) has a
continuous cylindrical chamber-filled LMPA, as has been
previously suggested in the literature [9]. Before describing
each prototype in detail and experiments using it (Sections
IIT and IV), we first describe how each was fabricated in
Section II.

II. FABRICATING SOFT ROBOTS WITH LMPA SPINES

To construct each prototype, we first cast each component
of the LMPA backbone. We then co-molded silicone with
the LMPA and a heating wire, with each vertebra in the
multi-section spines residing in its own closed chamber
within the surrounding silicone. Fig. 2 shows the fabrication
process for Prototype 3. The process is similar for all the
other prototypes with the only difference being the backbone
geometry.

We use Fields metal, which has a melting temperature of
62° C, as the LMPA in our prototypes. Fabrication begins
by creating a 3D-printed (Formlabs Grey Pro) positive mold
of the LMPA vertebra/backbone shapes (see Fig. 2.a). We
then cast silicone in the 3D-printed mold to create a flexible,
heat-resistant negative mold for the LMPA vertebra. LMPA
is then melted and cast into the silicone mold. Once solid,
the vertebrae can be removed as shown in Fig. 2.b. In the
case of Prototype 3 only, two sections of each LMPA vertebra
were cast separately and then joined together with a soldering
iron (Fig. 2.c). Next, we placed the LMPA segments on an
alignment jig to define their arrangement and attached them
to one another to form a chain using a silicone adhesive
(Smooth On) as shown in Fig. 2.c. This silicone adhesive
separates each vertebra from the others (they interlock with
a thin layer of silicone adhesive between them) so that each
resides in its own distinct chamber within the overall soft
robot. Thus, they can be cycled from solid to liquid and
back as many times as desired without the LMPA flowing
from one vertebra into another.

After the spine is constructed in this way, we mold the
cylindrical elastomer around it. We first place the spine in
the center of a cylindrical mold, with the alignment jig
constraining its position. After the first silicone molding
step, the alignment jig is removed from the partially molded
prototype, as shown in Fig. 2.d. Before casting the silicone
for the final time, we placed a heating wire made out of
28 Gauge nichrome wire encased in a polyimide sheath to
electrically (but not thermally) insulate it from the metal.
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Fig. 2. Fabrication process. (a) We 3D printed a positive of the LMPA
vertebra shapes to create a silicone mold. (b) Silicone mold from (a) is
filled with the LMPA to create constituent elements of the spine. (c) We
rigidly attach these components by melting them with a soldering iron to
form individual vertebrae. Subsequently, they are assembled together into
the spine on the alignment jig using silicone adhesive at the joints. (d) To
constrain the location of the spine, we first cast the spine with the alignment
jig in the cylindrical mold and then remove the alignment jig, leaving the
spine partially embedded. (e) The second molding step fills the rest of the
mold with silicone, covering the spine and heating wire in position in the
prototype. (f) After the final molding step, we slide the TPU tendon support
rings on and affix them using a small amount of silicone adhesive.

Next, we insert the assembly back into the cylindrical
mold and fill the remaining volume with silicone. We use
00-30 Durometer silicone (Ecoflex 30, Smooth On) in all
prototypes in this paper. 3D-printed caps are co-molded into
the proximal and distal ends of the prototype, and they have a
threaded hole that enables two distinct sections to be attached
in series to form a multi-section modular manipulator, as
demonstrated in Section VI. Finally, we slide rings with
eyelets for tendon routing around the prototype. These are
printed with 95 durometer TPU (Bambu Carbon X1 printer).
The tendon rings were undersized by 0.5mm and friction fit
around the manipulator, and the ring closest to the robot’s tip
was glued to the tip using the same silicone adhesive used
to encase the vertebra.

We heat the prototypes by connecting the nichrome wire to
a DC power supply; the prototypes with a spine (prototypes
1-3) can be melted from room temperature in approximately
50s with 2A (= 15V). They take approximately 90 seconds
to cool from room the melted state to the solid state.

III. LMPA SPINES TO MODIFY IN-PLANE BENDING

In this section, we discuss Prototypes 1 and 2, in which
spines are used to modify the in-plane bending characteristics
(both stiffness and range of motion) of a soft robot. We
designed two different LMPA spines with the purpose of
introducing a difference of stiffness between two orthogonal
planes of bending, and shifting the center of stiffness within
the cross-section, respectively.

To achieve this, Prototype 1 consists of an LMPA spine
with rectangularly shaped vertebrae. The rectangular cross-
section of the spine is much narrower in one direction than
the other, resulting in a higher stiffness in that direction.
The vertebrae mechanically interlock with a pin-joint-like
interface, so that they do not slip in shear relative to each
other but still allow bending in the compliant direction. The
second prototype has a spine consisting of stacked semi-
circular LMPA disks. The semi-circular spine is embedded
in the cross-section such that its flat edge is on the centerline
of the cylindrical elastomer body of the robot. The offset
centroid of the spine from the central axis of the robot creates
a preferential bending direction.

In the subsections that follow, we first give a brief
overview of bending stiffness for rods with stiffness variation
across their cross sections, and then use these equations as
a means to experimentally infer stiffness from curvature and
tendon tension, given the constant curvature assumption [24].

A. From Stiffness Parameters to Bending Profiles

To characterize the bending stiffness prototypes, we routed
straight tendons that are offset in the direction of the principal
axes (for Prototype 1) and on either side of the stiffness
center along the major axis (for Prototype 2) to evaluate their
respective stiffness properties. We use the constant curvature
assumption for stiffness characterization, though we envision
more complex models being used in the future for robot
control (e.g. [21]).

An applied tip moment M will cause the prototype to
bend into an arc with curvature x = C,M, where the
bending compliance Cj, = KLb is the inverse of the stiffness
K. The bending stiffness is based on the Young’s modulus
distribution across the cross-section, and may be different in
each direction:

Kyy = / E(z,y)z?dA, (1
A

where Kj , is the bending stiffness about the y axis of the
cross-section, and E(z,y) is the modulus of elasticity. For
an arbitrary cross-section, the stiffness center (also called the
normal force center) is the point in the cross-section with
no strain when the member experiences pure bending. The
position of the stiffness center is:
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and similarly for the y coordinate.

A force applied further from the stiffness center will
create a larger moment than a force applied closer, and

(@)

xSC



will thus result in higher curvature. Similarly, the robot
can have different stiffness in different planes based on
spine geometry. The LMPA spine (which has rectangular
cross sections) in Prototype 1 gives it a significantly higher
stiffness in one direction than the other, and the spine in
Prototype 2 (which is offset from the center of the device)
causes higher curvature in one in-plane bending direction
than the other.

To verify these expected behaviors experimentally, we
measure the curvature of an actuated prototype (described
in the last paragraph of this subsection) by applying known
loads on each tendon, all with the same radial offset from
the geometric center. Prototype 1 has rectangular LMPA
vertebrae aligned with the x-axis, and the two tendons apply
known tension to the prototype. Prototype 2 has LMPA
vertebrae offset in the —2 direction and tendons on opposite
sides of the prototype.

For Prototype 1, Cp, and Cp, are the slopes of the
curvature-moment plot for tendons offset in the x and y
planes. For Prototype 2 with an offset stiffness center, Cj
and C_ are the slopes of the moment-curvature plot for the
tendons in the 42 and —2 offset from the center. For future
modeling, we would like to express the stiffness parameters
in terms of the position of the stiffness center (in z in
this case) as well as the compliance at the stiffness center,
which is equal for positive and negative moments. If 7;
is the distance of a tendon from the center, we know that
k = Cypp Fyry and K = Cy_ Fyr, where +/- indicates the
direction of bending. We would like to find the position of
the stiffness center where the bending stiffness k; is the same
in both directions:

R = Csth(xt - :Csc)v (3)

where C,. is the compliance in both directions (at the
stiffness center), F} is the tendon tension, zg. is the position
of the stiffness center and the position of each tendon is
x; = £ry depending on which side the tendon is on. Note:
here we assume that the curvature is the same across the
cross-section (a good assumption for thin rods). By equating
the curvatures in the positive and negative direction with Eqn.
3, we can express the bending stiffness at the stiffness center
and its offset as:

1
Csc - Q(Cbnt + be) (4)

Tee = MT ” 5)
2(Cpt + Cp-)
We use these equations to convert the slope of the line of
best fit in Fig. 5 to the stiffness parameters in Table II.

To measure the prototype curvature in various bending
directions, we used three RGB-D cameras (Intel RealSense
DA405), as shown in the inset of Fig. 3, which were registered
to the base frame of the robot using 3D-printed calibration
targets. To validate the accuracy of this measurement setup,
we 3D printed six tubes with a constant curvature bend with
tip angles evenly spaced from 15 to 90 degrees of bending,
with the same length and diameter as the silicone prototypes.
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Fig. 3.
model (in red) fit to a pointcloud. The RGB-D camera setup to acquire the
pointclouds is shown in the inset.

Example of one bending configuration with a constant curvature

The 3D camera setup was able to measure these targets with
an average accuracy of 0.49°. An example output from this
camera setup is shown in Fig. 3; the constant curvature model
was fit to the pointcloud data as shown in red, to measure the
curvature . The tendons were pulled with various calibration
weights to determine the relation between curvature x and
tip moment so that we can calculate the bending parameters.

B. Planar Bending Results

1) Prototype 1: Bending Stiffness in Two Different Planes:
The results of the bending stiffness characterization for
Prototype 1, with LMPA segments aligned with the x-axis,
are shown in Fig. 4. The second moment of area of a
rectangle is [, = l%", where [ is the length of the cross-
section in the & direction. Therefore, we expect the prototype
to be much stiffer when bending in the XZ plane than the
YZ plane when the metal is solid. The slope of the light
blue line in Fig. 4 represents the bending compliance in
the direction aligned with the liquid metal, while the dark
blue shows the stiffness in the direction perpendicular to the
LMPA segments, both in the solid state. The compliance
is clearly much larger in one direction than the other. The
slope of the red and orange lines represent the compliance
in the same two planes when the LMPA spine is melted.
The overall compliance of the prototype in the liquid state
is much higher and similar in both bending planes.

2) Prototype 2: Shifted Stiffness Center: Prototype 2
consists of stacked liquid metal semi-circular vertebrae with
a radius of 5Smm. In the solid state, since the stiffness of
the prototype is dominated by that of the LMPA spine, we
expect that the stiffness center will be shifted close to the
centroid of the semicircle. The centroid of a semicircle is

ar. for r = 5mm, the centroid of the spine is

given by T = 57
2.1mm, which is close to the measured stiffness center offset
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Fig. 4. In the solid state, prototype 1 has a significantly higher stiffness
in the major axis (x) than minor axis (y). For the same tendon tension,
it exhibits less bending in the plane aligned with the LMPA spine (a)
as compared to the other direction (b). In the liquid state, the directional
bending stiffness are similar (see (c) and (d)), and the prototype behaves
more similarly to a conventional soft robot with a symmetric stiffness profile.

Prototype 1
Bending (LMPA Bending (Orthogonal
Plane) to LMPA)

Stiffness Compliance | Stiffness Compliance

KNm/m™Y]| Cm~1/Nm] | K[Nm/m™1]| C[m~!/Nm]
Solid 1.03 0.972 0.541 1.85
Liquid | 0.286 3.50 0.303 3.30

TABLE 1

BENDING STIFFNESS PARAMETERS FOR PROTOTYPE 1

of 1.70 mm in the negative & direction. The stiffness center is
the Young’s modulus-weighted centroid of the cross-section,
therefore we expect it to be between the geometric center of
the rod (where it would be for a homogeneous elastomer)
and the centroid of the spine (where it would be without
the elastomer), but closer to the spine because of the large
difference in stiffness.

As a result of the offset stiffness center in the solid state,
the prototype exhibits more bending in the positive direction
than the negative direction for two tendons opposite each
other and equally spaced from the geometric center. In the
liquid state, the stiffness center is close to the geometric
center, and the bending stiffness is similar in both directions
within the plane, matching our expectations.

Prototype 2
S.C. Offset | Bending Bending Stiffness
[mm Z] Compliance K[Nm/m™1]
Cln=1t /Nm
Solid —1.70 0.919 1.09
Liquid | —0.05 4.27 0.234
TABLE II

BENDING STIFFNESS PARAMETERS FOR PROTOTYPE 2
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Fig. 5. Prototype 2 has its stiffness center offset in the negative direction in
the solid state, thus exhibiting more bending in the positive direction than
the negative direction, for two tendons opposite each other. In the liquid
state, the stiffness center is close to the geometric center, and the bending
stiffness is similar in both directions in the plane.

IV. LMPA SPINE TO CHANGE TORSIONAL STIFFNESS

In the prior section, we explore how vertebral geometry
can change the bending stiffness of a prototype. Continuum
robots frequently experience torsion, either from non-linearly
routed tendons [21], torques/moments from magnetic actu-
ators [25], or external loads. Therefore, changing torsional
stiffness during use is another way to modify a soft robot’s
behavior.

Prototype 3, shown in Fig. 7.a, has liquid metal segments
shaped in a pin joint arrangement that alternates in the x
and y directions over arclength. This enables bending in both
directions while the joints are solid, but restricts torsion about
the local z direction. Once melted, the liquid metal segments
are compliant and no longer resist torsion.

To measure the torsional stiffness of Prototype 3 (shown
in Fig. 7.a), we apply a torsional moment at the tip of the
prototype and measure the rotation of the tip. The test setup
shown in Fig. 7.b constrains the base of the segment, and
a length of string is tied and wrapped around the tip of the
robot to apply torque. The pulley directs the string at a fixed
offset tangent to the top of the prototype. Calibration weights
apply known loads to the string. The screw attached to the tip
of the robot fits loosely through the hole in the stand, and
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Fig. 7. We measured the torsional stiffness of Prototype 3 (shown in (a))
with the measurement setup shown in (b), which constrains one end of the
prototype and twists the prototype about its axis with a string; the rotation
at one end is measured with an AprilTag. (c) Tip rotation as a function of
applied torque shows that the torsional compliance is much greater in the
liquid state than solid state.

the other end of the screw has an optical tracking marker
affixed to it. We use a camera to track the rotation of the tip
frame as the prototype twists.

In this characterization, we consider Prototype 3 as a
torsional spring, with variable stiffness, dependent on the
state of the spine. Figure 7.c clearly shows a large difference
in the tip rotation when the spine is melted, and the change
in stiffness/compliance is presented in Table III.
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Prototype 3
Torsional Compliance | Torsional Stiffness
Ct[rad/mNm] K¢[mNm/rad]
Solid 0.128 7.82
Liquid 0.316 3.17
TABLE III

TORSIONAL STIFFNESS PARAMETERS FOR PROTOTYPE 3

V. COMBINING SPINES AND CURVED TENDONS

In Sections IIT and IV, we characterize the three prototypes
with LMPA spines in planar bending and pure twisting. In
this section, we explore how the combination of tendon
routing and changing stiffness properties can achieve a
diverse set of soft robot shapes with a small number of
actuated degrees of freedom. Helical tendons also apply both
bending and torsional deformations to continuum robots,
as the tendon tries to unwrap itself when tensioned. This
twisting effect can be beneficial to axially rotate the end
effector. Helical tendons can also be used to move the end
effector while holding its orientation constant, which can
be used for e.g. pick-and-place tasks as described in [21].
We first show how the deformations caused by nonlinear
tendons can be reconfigured by changing the bending and
torsional stiffness parameters (i.e. solidifying and liquefying
the spine). Using Prototype 1, we routed a helical tendon that
crosses over the major (stiff) axis: the tendon angle over
arclength ¢(s) = 72 — 7, as shown in Fig. 6.a1 When
the backbone is in the liquid state and the compliance is
similar in both directions (see Fig. 4), the backbone deforms
in a non-planar, roughly helical shape (Fig. 6.a.II). However,
when the backbone is solid, the helical tendon deforms the
prototype in a roughly planar s-bend, because tendon forces
in the & direction result in minimal strain (Fig. 6.a.Il).

Next, we explore axial rotation of the robot’s tip. Prototype
3, which changes torsional stiffness as the spine solidifies
and liquefies, can restrict or enable twisting while allowing
bending in all directions. To demonstrate this, we routed

(b.l) Prototype 3
Helical Tendon

(b.ll) LMPA in Solid State

(b.IIl) LMPA in Liquid State

Fig. 6. Helical tendons apply forces and moments in multiple directions. (a.I) With a helical tendon, the spine in Prototype 1 restricts the deformation to
its compliant plane in the solid state (a.Il), and the arm bends into an s-shaped configuration even though the tendon applies loads out of this plane. In the
liquid state (a.Ill), the stiffness is similar in both planes, and the robot bends into a non-planar shape. With a helical tendon on Prototype 3 (b.I), the arm
bends in a non-planar shape (b.II). When melted, the bending profile is similar but with more twist because the spine no longer restricts torsion (b.III).
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By chaining segments with different spines, a wide range of shapes can be achieved using only two straight-routed tendons. (a) The modular

manipulator consists of Prototype 4 connected to Prototype 1. (b) When both segments are solid, tendon 1 only bends the distal section. (c.I) When the
distal section is melted it can be actuated in the XZ plane while the proximal section is solid. (c.Il) By solidifying segment 2 in a curved state, this induces
a pre-curvature in the distal segment, changing how tendon 1 deforms this section. (d.I) Melting the proximal segment allows it to be actuated. (d.II)
Segment 1 is solidified with a curved shape, changing the pose of the start of segment 2, and the direction tendon 1 actuates it in.

Prototype 3 with a helical tendon that wraps around itself
with ¢(s) = 2* (Fig. 6.b.J). In Fig. 6.b.II and 6.b.111, the
prototype deforms in a similar helical shape but with less
twisting in the solid than liquid state.

VI. CONNECTING SEGMENTS TO FORM A SOFT ARM

In the prior sections, we demonstrate how spinal geome-
tries result in specific stiffness capabilities that depend on the
state of the metallic elements, and how curved or straight
tendon routings can deform these segments into different
shapes when vertebrae are in the solid or liquid states. By
chaining these segments together, with continuous tendons
running the length of the soft arm, we can use both tendons
and metal state changes to achieve a larger range of space
curve shapes than would be possible with either alone. By
changing liquid metal states in different sections of the robot,
we can change the bending stiffness parameters within a
section, or induce a pre-curvature by melting a segment,
actuating it, and then solidifying the spine in a curved
state. We henceforth refer to a configuration as a particular
liquid metal state in each segment, as well as the potential
precurvature of the LMPA backbone segment(s) that are
solid.

As a demonstration of this, we connect Prototype 4
to Prototype 1 with straight tendons routed in orthogonal
planes. With different stiffness properties between segments,
we can actuate the distal section in its compliant direction
with a tendon that runs the entire length (Fig. 8.b). By
melting, actuating, and re-solidifying an LMPA spine in a
curved configuration (Fig. 8.c.I), we can precurve the LMPA
spine, changing how that spine deforms once it is solidified
in a curved configuration (Fig. 8.c.I). In this configuration,
the prototype has different bending parameters. By melting
the proximal section, we can selectively bend it in the XZ
plane while keeping the distal segment straight because it
is stiffer in this plane (Fig. 8.d.I). Inducing a curvature in
the distal segment and re-solidifying it changes the pose
of the start of the second segment and the direction that
it bends under an actuation input (Fig. 8.d.II). The multitude

of configurations possible with just two tendons is clearly
greater than a homogeneous soft robot with the same two
straight tendons, which would only be able to deform in a
constant-curvature shape in two directions.

VII. DISCUSSION

The LMPA backbones developed in this work enable
control over various parameters of the stiffness properties of
soft robots. Rather than re-routing the tendons, we can re-
configure how the tendons deform the prototype by changing
asymmetric stiffness properties, resulting in a new workspace
with the same tendon configuration. This is particularly use-
ful when actuation inputs apply coupled loads, for example,
a helical tendon that applies torque and moments in different
directions along the length of the prototype. By restricting
some of these deformations with stiffness control, the robot
can achieve a different shape. We also foresee stiffness
control in this manner applying to other classes of robots
that are actuated via coupled, multi-directional forces and
moments. For example, magnetic soft robots, actuated by a
homogeneous field or gradient, could be controlled to bend or
twist in specific ways in different segments of the arclength
using stiffness control, even if the force and moment at every
point in the soft robot cannot be arbitrarily specified by
the applied field. Directional stiffness control can also aid
in resisting external loads; for example, increasing bending
stiffness in one direction could resist gravitational loading,
while changing the torsional stiffness could be used to rotate
or twist an object. In the future, we envision various designs
of robots that can toggle the effect of spinal morphology on
overall stiffness on and off during operation to adapt itself
to changing task requirements.

Our preliminary characterization of these LMPA spine-
based soft robots demonstrates that these composite struc-
tures can be modeled as having linear bending and torsional
stiffness and that the LMPA phase changes can be modeled
as a change in these stiffness parameters. This indicates that
such robots, despite their unique mechanical design, could
be modeled using similar methods to more conventional



TDCRs, for example in [21], if the full bending stiffness
matrix is calibrated for each segment in each metal state.

We show the proof-of-concept feasibility of chaining these
LMPA spines sequentially with independent control over
their deformation properties. In this work, we changed the
state of an entire prototype segment with a continuous
backbone. However, since the individual vertebrae are self-
contained, it would be feasible to independently melt shorter
segments of the spine to obtain more localized control,
e.g. to enable a short section of the spine to bend sharply
around a curve in a particular direction. Our LMPA spines
are controlled with a small embedded heating wire and
an external electrical source. With other actuated stiffening
mechanisms (i.e. tendon, backbone, pneumatic, or vacuum),
the amount of stiffness degrees of freedom is governed
by the number of actuators or fluid paths. We hypothesize
that we can achieve higher fidelity control using LMPA
spines, as they can be locally heated by many independently
controlled heating wires, which are a fraction of a millimeter
in diameter.

VIII. CONCLUSIONS

Soft robots with geometrically-patterned LMPA elements
embedded in a silicone matrix can be designed with di-
rectional stiffness properties. The stiffness properties can
be toggled via the application of heat, and sequential state
changes and actuation can change the pre-curvature. In
future, these LMPA-tendon modules can be designed to
create task-specific manipulators. As opposed to using many
tendons to create complex shapes, which increases the com-
plexity and potentially the size of the manipulator, LMPA
segments can change their state with very thin electrical
heating wires. There is even the potential to selectively melt
and solidify individual vertebrae along the arclength, for finer
control of the soft robot’s stiffness in various directions. This
type of stiffness modification offers an exciting opportunity
for robots to be both compliantly safe and stiff enough, in
the right directions, to apply the forces required in various
applications.
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