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Abstract— Human-centric problem domains will require
robots with an unprecedented mix of traits—combining the
inherent safety and robustness of soft materials with the
strength and precision of rigid systems. Foundational work
is needed to understand how to design and simulate a new
generation of hybrid, soft-rigid robots. We draw inspiration
from the classic push puppet toy to design soft-rigid robot
modules capable of transitioning between soft and rigid states.
We show how multiple modules can be combined into exciting
exemplar robots, such as a shape-shifting soft-rigid arm. We
also show how to build differentiable finite element-based
simulations of these robots, including state-of-the-art soft body
contact and motorized revolute joints.

I. INTRODUCTION

Robots have yet to achieve their potential to help in
human-centric problem domains, such as homes, hospitals,
and nursing homes. We posit that these areas require robots
with an unprecedented blend of traits. E.g. the ideal nursing
home robot will have high strength to help residents out of
bed; high precision to help them put in their hearing aids;
and high robustness to help them eat. Above all else, it must
be safe. We seek to develop robots that fuse the strength
and precision of rigid systems [1], [2] with the safety and
robustness of soft materials [3]-[5].

We are inspired by classic push puppet toys [6], which
collapse when their internal cables are loosened. In this work,
we design and simulate robots that dramatically stiffen when
their cables are contracted. This enables them to transition
between soft and rigid states. Related work in continuum
soft robotics includes a robot that can telescope and bend
using magnetic disks [7], a robot using origami patterns to
similar ends [8], [9], a robot with an elastic backbone that
controls its stiffness using rigid curvature-constraining rods
[10], a crustacean-inspired soft-rigid actuator [11], cable-
driven vertabrae held together by friction [12], and chain-like
jamming [13]. Our approach has the benefit of mechanical
simplicity and generality—extending to morphologies beyond
continuum robot arms.

In addition to design and fabrication, we explore how to
model push puppet-inspired soft-rigid robots. Related work
includes various modeling approaches for telescoping and
bending continuum robots [9], [14], involving piecewise
constant curvature (PCC) and physically-based rod models.
We employ a soft robot simulator based on the finite element
method FEM) [15], the same general approach used in
simulators like SOFA [16]. Our use of a volumetric FEM-
based simulator enables us to go beyond continuum robots,
and model a rich family of push puppet-inspired designs.
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Fig. 1. We draw inspiration from push puppets to design and simulate soft-
rigid robots like this arm, which can transition between rigid (left) and soft
(right) actuation modes at will. Our vision is to create robots that achieve
the best of both worlds, and fuse the strength and precision of rigid system
with the compliance and inherent safety of soft materials.

We adapt our simulator to model push puppet-inspired soft
rigid robots by adding contact (which occurs when a module
stiffens) and motorized revolute joints (to join multiple
modules into larger robots). Soft body contact has a rich body
of literature in computer graphics, with extremely exciting
methods emerging in the past couple years [17]-[19]. In
this work, we apply a 2D version of Li et al.’s Incremental
Potential Contact (IPC) [18]. Other examples of contact
modeling in soft robotics include for manipulation [20]
and growing robots [21]. Motorized revolute joints are a
standard feature of rigid body engines like Box2D [22] or
Bullet [23]. However, soft body simulators like ours [24] or
Vega [25] typically have no such functionality. One approach
would be to develop a new simulator coupling soft bodies
and rigid bodies, like Geilinger et al.’s ADD [26] or the
future work of Ferguson et al.’s Intersection-free Rigid Body
Dynamics [27]. Instead, we model motorized revolute joints
within the framework of a soft body simulator. This approach
is simple to implement and compatible out-of-the-box with
model-based control methods like Soft IK [24], [28].


mailto:jamesmbern@gmail.com
mailto:jamesmbern@gmail.com
mailto:rus@csail.mit.edu

We contribute:

o Design and characterization of a push puppet-inspired
robot module, which uses cables to transform between
soft and rigid states.

o An approach to simulating push puppet-inspired soft-
rigid robots with contact and revolute joints, compatible
with existing model-based control algorithms.

o Multiple simulated and fabricated exemplar robots, in-
cluding a shape-shifting soft-rigid arm.

II. KEY IDEA: CABLE-DRIVEN SHAPE-SHIFTING USING
SOFTNESS AND RIGIDITY

The classic push puppet toy can dramatically transition
between stiffer and softer modes (see Figure [2). It is made
from multiple disconnected rigid pieces, which are held
together by taught internal cables. When the user depresses
the base of the toy—compressing the spring hidden within—the
cables slacken and the toy “falls to pieces.”

Fig. 2. Depressing the base of a thumb puppet slackens internal cables,
which transitions the puppet from a stiffer state (left) to a softer, collapsed
state (right). We propose a similar approach to dramatically modulate the
stiffness of soft-rigid robots. Photo: Wikipedia Commons

We adapt the push puppet into the robot module in
Figure 3] by adding soft material between the rigid segments.
When its cables are loose the module acts soft. When we
co-contract the cables, the soft material is compressed inside
the rigid segments, and the module acts rigid. In summary:
a classic push puppet toy is naturally rigid and soften when
pressed by a human; a proposed push puppet-inspired robot
is naturally soft and can rigidify when actuated by motors.

Fig. 3. Snapshots of a push puppet-inspired soft-rigid module transitioning
between from its soft mode to its rigid modes. The module is made from
rigid plastic (black) and soft foam (yellow). When the cables running along
the length of the module are relaxed, the foam can bend freely and so the
module acts soft. When the cables are contracted, the foam becomes hidden
within the plastic, creating the effect of a single rigid block.

Furthermore, we can compose modules to produce larger
robots like the soft-rigid arm in Figure [I] Note that the
cables play an important role in both the arm’s soft mode
and its rigid mode. For the soft mode, cable actuation bends
the modules and moves the robot. For the rigid mode,
cable tension maintains the modules’ rigidity. Finally, hybrid
modes are possible, either with some modules soft and other
modules rigid, or with any given module in a partially-
rigidified state.

III. MODELING AND SIMULATION

We build upon the FEM-based soft robot simulator pre-
sented in [15], which can handle soft bodies, cables, basic
contact with a ground plane, and dynamics. Given control
inputs uy, and previous mesh configurations xy_1,xg—o,
the simulator solves for a mesh configuration xj, satisfying
Newton’s second law

Fk:Mak, (1)

with nodal accelerations ay, discretized according to implicit
Euler. This simulator solves Equation (I)) via minimization

h2
x)(uy) = argmin (U(uk,wk) + 2a£Mak> , 2
Tk

where U is the potential energy stored in the system, A is
the timestep and M is the mass matrix.

To make this simulator capable of handling push puppet-
inspired hybrid soft-rigid robots, we need to add the ability
to model 1) soft and rigid regions, 2) arbitrary contact, and
3) motorized joints.

A. Soft and Rigid Regions

To model soft and rigid regions we specify the Young’s
modulus per element. Note that we use automated routines to
mesh our designs, specifically Triangle for 2D meshes [29]
and TetGen for 3D meshes [30]. These libraries can take
region markers as part of their input, enabling automatic
assignment of material properties (see Figure [4).

0

Fig. 4. Left: sample input to Triangle, consisting of boundary segments
and region markers (dots). Right: the output finite element mesh, with stiffer
elements in gray, and softer elements in yellow.

We employ a Neo-Hookean material model. Young’s mod-
ulus helps determine each element’s energy density

U(x, X) = gtr(}'T}' —1I)— plnJ + %(mj)?, (3)

where X is the rest shape, F is the deformation gradient,
J = det F, and X\ and p are material parameters that can
be expressed in terms of Young’s modulus and Poisson’s
ratio. For linear elements we multiply each element’s energy
density by its rest volume to find its contribution to U.



B. Contact

We implement a 2D version of Li et al.’s state of the art
Incremental Potential Contact (IPC) [18], [19]. We neglect
friction in our implementation for simplicity, and rely on the
cables to resist tangential motion in the robot’s rigid mode.

IPC is based on the unsigned distance d between pairs of
primitives (in 2D, just points and edges). The two crucial
ingredients of IPC are 1) a C? barrier function that goes to
infinity as d — 0, and 2) a contact-aware line search that uses
continuous collision detection (CCD) to ensure all descent
steps are penetration-free. The specific barrier employed by
Li and colleagues is b(d2, d2), where

o [—d—dpin(4), 0<d<d

b(d,d) = e
0 d>d,

and d is the target distance, i.e. the distance at which the
minimizer starts “seeing” the collision [18].

To incorporate (a stripped down, simplified version of) IPC
into our simulator, we 1) add the contributions of the barrier
terms to our energy and derivative calculations, and 2) use
a CCD line search when solving Equation (2).

Fig. 5. Tests of a soft ball impacting a push puppet-inspired module in
its soft mode (top) and rigid mode (bottom). Notice that there are rich,
intermittent contact events occurring between the ball and the module, and
also between the module’s various rigid segments.

C. Motorized Joints

We use zero-length springs to model motorized revolute
joints, as outlined in Figure [6] To start, consider connecting
bodies A and B of a multi-body mesh with a joint. Given
the mesh in its rest configuration X, we specify the position
of the joint in world coordinates. From this, we determine
the joint’s position in the barycentric coordinates on each of
the two bodies. Now, for a deformed shape of the mesh x,
we can calculate the position of the joint on each body in
world coordinates, which we denote s4(x) and sp(x).

To model a basic (unmotorized) pin joint, we add energy
1
3llsa = szl 5)
which is a zero-length spring that “pins” s4 to sp.

joint second point

X \

Fig. 6. Our scheme for modeling a motorized revolute joint connecting
bodies A and B. To define the position of the joint, we pin s 4 () to sp(x).
To define the motor angle, we pin tc (x, 0) to tg(x).

To motorize the joint, we first pick out the position
of a second point in world coordinates. We require this
second point to lie on both bodies when the mesh is in
its rest configuration X. Again we find this second point’s
position in the barycentric coordinates of each body, and
for a deformed mesh shape x we can calculate the position
of the second point on each body, which we denote ¢ 4(x)
and tp(x). To model the motor, we pin tp to the result of
rotating t4 about s, by motor angle 6, which we call

to(x,0) = Ro(ta —sa)+ta, 6)

where Ry is a rotation matrix. This amounts to adding energy

1
5llts —tc||%. (7)

We finish with the special case of connecting a single body
B to a fixed position in the world, as is done for the proximal
joint of the soft-rigid arm in Section [V-A] This is done by
pinning to the rest configuration. Define Sp(X) and T(X)
to be the positions of the joint and the second point in the
mesh’s rest configuration. Pin joint position sp to Sp, and
pin second point position tp to the result of rotating T
about Sp by 6.



IV. FABRICATION AND CHARACTERIZATION

We present an accessible method for fabricating push
puppet-inspired soft rigid modules, for example the soft-
rigid arm module in Figure [7] Each module consists of a
30mm X 30mm x 55mm polyurethane foam core surrounded
by ABS plastic segments. We can use pins to define the
position of each plastic segment along the foam core. One
side of each plastic segment has four hollow studs, and
the other side has four corresponding holes. at its corners.
This geometry helps locate and rigidify the module as it is
compressed, as shown in Figure [§] We route cables through
the hollow studs. We can use motorized brackets to compose
modules into larger robots.

DC motor
rigid plate

pins

Fig. 7. CAD model of a soft-rigid module used in our soft-rigid arm.

Fig. 8. Each rigid segment has a matching set of studs and holes. This
geometry helps locate and rigidify the module as the cables running through
the studs are contracted.

We characterize the effect of cable retraction on the
effective stiffness of a push puppet-inspired soft-rigid module
(see Figure . To conduct each trial, the cable was first
set to some known length and then a known mass was
placed at the end of the beam to induce a load. This
was repeated for four discrete masses with three trials for
each load. The displacement of the end of the module was
measured and used to calculate the effective stiffness under
each condition. The cable length was then decreased by three
discrete amounts and the same trials were repeated. The
module was given three minutes between trials to decompress
and return to its natural state to reduce the memory effect
on the foam.

Fig. 9. Experimental setup used to characterize the stiffness of the push
puppet-inspired soft-rigid module.

Figure [I0]illustrates the effective stiffness’ across all three
trials for each discrete load of force applied. To gain a better
understanding of the effects of cable retraction on rigidity, we
applied a polynomial fit on the points of data. As can be seen,
we notice how increasingly retracting the supporting length
generally increases the effective stiffness of the beam com-
posite, with an especially noticeable increase in stiffness for
the trial that retracts 17.68 mm from the supporting length.
Another interesting observation is how the trends across all
trials are nonlinear in behavior; as the load force increases,
the effective stiffness starts to plateau regardless of the length
retraction. This highlights the complex interaction of foam,
contact between the rigid segments, and taught cables. These
results confirm the dramatic change in stiffness we are able
to achieve with the push puppet-inspired robots as they
transition between soft and rigid states. Additionally, they
illustrate the potential to use push puppet-inspired robots to
continuously control stiffness, potentially leveraging model-
based stiffness control strategies like those in [28].
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Fig. 10. Force against Effective Stiffness for all three trials testing the
four cable displacements. Force was calculated from mass-load and effective
stiffness was calculated for each displacement.



Fig. 11.

Simulation and fabrication of a soft-rigid arm composed of push puppet-inspired modules joined at motorized joints. We can either use in the

arm in a compliant soft mode (left), where the arm moves by using the cables to bend the modules, or in a articulated rigid mode (right), where the cables
keep the modules rigid, and the arm moves using the motors at its revolute joints.

V. EXAMPLES

We present several simulated and fabricated examples that
compose and extend the capabilities of push puppet-inspired
soft rigid modules. Please see our Supplementary Video.

A. Arm

We compose multiple modules together with revolute
joints to create a three-link hybrid soft-rigid arm, capable
of both soft and rigid actuation modes, shown in Figure [T}
This robot has three motors per link, two of which contract
the cables running along either side, and one of which rotates
the link about the joint at the link’s base. In the robot’s soft
mode, the cables are used to bend the links. In the robot’s
rigid mode, the cables hold the modules stiffness, and the
revolute joints move the robot as a traditional rigid arm.

1) Soft-Rigid Control: We explore the robot’s workspace
as shown in our Supplementary Video. For the soft mode
we keep all joint angles at zero, and use a sinusoidal control
sequence to contract the cables. To transition to the rigid
mode, we contract all cables by a nominal length u. For
the rigid mode, we sweep out a sinusoidal sequence of
joint angles. We can then relax the cables back to zero
to come back to the soft mode. In the soft mode, we
can execute hybrid motions, which we illustrate by sending
sinusoidal targets to all motors. We note that hybrid motions
dramatically increase the size of the workspace.

B. 2D Spiraling Modules

We can create modules that can either bend or straighten
as they stiffen, shown in Figures [T2] and [I3] These modules
could serve, for example, as the fingers of a soft-gripper.

C. Sheet

We extend our push puppet-inspired module into a shape-
shifting sheet in Figure[T4] Note that this designs contains the
same alternating pattern as the original push puppet module.

D. 3D Twisting Module

We route cables helically through the rigid segments to
create a 3D modules that twists as is compresses in Figure[I5]

Fig. 12. Simulated and fabricated concepts for a 2D finger-like module
that compresses triangular regions of foam to bend as it becomes rigid.
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Fig. 13. Simulated concept of a 2D module that compresses triangular
regions of foam to straighten as it becomes rigid.

Fig. 15. Simulated concept of a 3D module that uses helically-routed
cables to twist as it becomes rigid, reminiscent of [33].



VI. DISCUSSION AND FUTURE WORK
A. Hybrid Control Approaches

The way we simulate the robots in this paper is compatible
out of the box with model-based control methods like Soft
IK [28]. However, particularly as we explore increasingly
complex robot designs, these methods may become too slow
for real-time use. It would be interesting to exploit the
structure of the push puppet-inspired robots to increase com-
putational efficiency. One way to do this would be to explore
hybrid approaches to control, for example bootstrapping the
Soft IK problem off of the solution to a typical rigid inverse
kinematics problem, in a similar vein as [34].

B. Computational Design of Stiffness and Shape Change

This work is just an initial exploration of what is possible
when we design robots using a pattern or soft and rigid mate-
rials. Already we can achieve stiffness modulation for various
morphologies, in concert with programmable motions like
twisting. Other applications are certainly possible. To open
the door to more sophisticated mechanisms, we can draw
on the field of computational design to enable authorship
of geometrically complex parts. An exciting goal for future
work would be to develop a framework to produce robots
with fine-grained programmability of stiffness and shape
change, leveraging geometric complexity in a similar vein
to work on metamaterial mechanisms [35].

C. Decoupling Stiffness Modulation from Length Change

Our proposed approach to stiffness modulation is currently
coupled to length change. Because the approach works by
hiding soft material within rigid material, parts naturally
become smaller as they are stiffened. Future work on the
mechanical design side should be done to remove this
coupling. This would give designers greater freedom, and
also likely simplify the control problem.

VII. CONCLUSION

Human-centric problem domains call for a new breed
of robots, that marry the safety and robustness of softness
with the strength and precision of rigidity. In this work
we present an exploration inspired by classic push puppet
toys, which leverage cable-actuation to dramatically alter
their stiffness. We adapted the push puppet design for use
in robotics, and show how the robot’s cables can function
both as soft bending actuators and to maintain rigidity. This
observation enables the creation of new soft-rigid robots
like a shape-shifting soft-rigid arm, capable of acting both
like a traditional rigid robot, and a continuum soft robot.
We also showed how to apply differentiable, physically-
based simulation to model these robots, drawing on state
of the art soft body contact methods, as well as a technique
for incorporating motorized revolute joints into a soft robot
simulator. In the future it would be exciting to apply this
simulator to problems like computational design, and intel-
ligently leverage softness and rigidity to enable fine-grained
programmability of stiffness and shape change.
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APPENDIX
A. Contact Derivatives

In 2D it is necessary only to prevent nodes from passing
through edges. The unsigned distance between a node and
an edge resolves to either the point-point distance

dpp = |84 — sp], (®)
or the point-edge distance

dPE — |(Sa B SC) X (Sb B SC)| . (9)
|Sa — 5b|

To help differentiate dpp we rewrite Equation @]) as

ul Mv
dPE = ||w||, (10)
where
01 U =S, — S¢
M = [_1 0] and ¢ v =8, — s,

w = 8, — Sp.
Equation is of the form

fu, v)g(w), (11)

where f(u,v) = |u’ Mv| and g(w) = 1/|w|. Analytic
first and second derivatives of f and ¢ can found via e.g.
automatic differentiation on MatrixCalculus.org [36], [37].
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