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Distributed Algorithms for Stiffness and Shape Changing
Computational Meta-Materials

Final Report — Nikolaus Correll
Associate Professor
University of Colorado at Boulder

Abstract This research has led to novel devices, distributed algorithms and tools for smart
composites that can change their shape by controlling their stiffness. The composite
consists of variable stiffness actuators based on thermoplastic polymers, nichrome wiring,
temperature sensor, and a networked microcontroller. The microcontrollers work in concert
to calculate the required stiffness in order to achieve any desired shape. The algorithm for
shape change is fully distributed and scales well with the size of the material and the
number of elements. The approach has been experimentally validated on a beam of six
variable stiffness elements that autonomously achieved a variety of shapes just using
electricity and a bending moment. With distributed computation a critical element of
future smart materials that integrate sensing, actuation, computation and communication,
this research has also created the foundation for a novel distributed machine learning
approach in which the structure of the network is simulating lossy, time-delayed
communication links, allowing to train a distributed controller using conventional algorithms
for training neural networks.

| Introduction

My research group is interested in materials that couple sensing, actuation, computation
and communication, which we denote as “Robotic Materials”. This AFOSR effort focusses on
a special class on materials that can change their shape. We have made progress on both
manufacturing and controlling such composites, leading to two successful PhD thesis
defenses by Michael “Andy” McEvoy who graduated in Spring 2017 and Dana Hughes who
graduated in Spring 2018. Results from this effort are described in Section II.

Albeit the material implements actuation and computation in a distributed fashion —
justifying its appellation as a “material”, sensing of the system’s state is done using external
sensors, prompting the investigation of novel sensing technologies that are suitable for
material-centric integration by PhD student Dana Hughes. These efforts are described in
Section Ill and have led to a variety of applications ranging from wearables to robotic
manipulation, all enabled by novel composite manufacturing techniques.

With the increasing amount of information such sensors create, Hughes has also begun
investigating techniques from machine learning to investigate signal processing inside the
material, which we describe in Section IV. Further directions (Section V) and a list of
publications from the performance period conclude the report.

Il Shape-changing Materials
Our work is motivated by the shape-changing abilities of animals equipped with muscular
hydrostats. These systems do not require skeletons, but double as both structural elements



and actuators by varying their stiffness and lengths while maintaining their volume.
Examples of such systems in nature are shown in Figure 1

Figure 1. Muscular hydrostats in nature: Octopus tentacles, elephant trunks and mammalian
tongue.

In the course of this project, we have developed a variety of variable stiffness elements that
are actuated by tendons and allow a beam made of such elements to assume any shape by
adjusting both its stiffness and external torque. We have improved our design in the course
of last year, which is illustrated in Figure 2. This work has been published in McEvoy’s PhD
thesis and has been accepted in the prestigious Soft Robotics journal.
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Figure 2. From top-left, clockwise: Shape-changing beam (outside view). Individual variable
stiffnes element using a thermistor and nichrome wire to control temperature of
polycaprolactone embedded in silicone. A sequence of varbiable stiffness elements with
control electronics (inside view). Curvature as a function of temperature at 10N force.
Sample trajectory of the beam from a start to a goal position. (McEvoy, 2018)



In addition to refining manufacturing and evaluating the resulting design, we have also
developed an algorithm for solving the inverse kinematics of the beam, i.e. how to change
each individual element in order to reach a certain desired global state, in a distributed
fashion. In a nutshell, our approach operates by treating the N-body system as a k<<N body
system in which only k elements in a small window of the overall system can be changed at
a time. We then locally solve the inverse kinematics for this problem and move the window
on. This approach is illustrated in Figure 3 and has been published at a conference (McEvoy,
2016) where it was awarded with a “Best Paper Award”.

B B

Figure 3. A 6-body system is solved by first calculating a motion that gets the tip as close as
possible to the desired goal using only the lower three elements and then the upper three
elements. The resulting algorithm results in computation literally traveling throughout the
length of the material. (McEvoy, Sysint, 2016)

Il Novel sensors for robotic materials

We are interested in composites that embed a large quantity of sensors, possibly with high
bandwidth, requiring large amounts of computation and communication. Albeit “curvature”
is the obvious quantity a shape-changing material might sense, we are already investigating
such sensors in a parallel effort on “Soft Robotics” supported by the National Science
Foundation. In this work, we focus instead on proximity and touch sensors, that would make
materials interactive with both users and their environment. These efforts have led to two
unexpected applications, textile user interfaces and sensors for robotic manipulation. Both
have led two preliminary patents and commercialization by Gaugewear Inc. and Robotic
Materials Inc., respectively.

Figure 4 shows a novel textile composite that is able to detect the location of a human
finger placed anywhere along the strip. The composite consists of conductive textiles that
sandwhich a non-conductive layer that serves as dielectric. In a nutshell, the system works
as follows: A 900 Mhz signal is sent into the composite which acts as an antenna. The
reflected signal is measured. Touching the material anywhere changes the phase of the
signal, which can be measured using appropriate electronics. What makes this approach
particularly interesting for deployment across large surfaces in a composite material is that
all the necessary electronics for analyzing the signal — including basic gesture recognition
can be co-located in the material.
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Figure 4. Textile composite that can sense the presence of human fingers (left). Temporal
signal for a variety of gestures and cover materials. The gestures are clearly discernible and
can be recognized using a simple neural network. (D. Hughes, Sensors, 2017).

We have also investigated integration of conductive fabrics into soft robotics, leading to a
soft actuator that can be controlled using human gestures and interact with metals. This is
shown in Figure 5. Here, we edged patterns into copper-coated nylon using the exact same
photolithography techniques that are used in the manufacturing of printed circuit boards.
Interestingly, the fabric is already used as constraint layer in the soft actuator, thereby
showing new ways to add multi-functionality to composites that already integrate fabric.

.......

Figure 5. Soft actuators with integrated sensors based on conductive textiles (left). Soft
actuators equipped with such sensors have the ability to detect conductive metals in the
environment, e.g., (N. Farrow, ICRA, 2017).

Finally, we have investigated integration of infrared proximity sensors into soft rubber
materials, enabling them to detect proximity to objects around them and even double as
pressure sensors by measuring the deformation of the material. This sensor has been
nominated for a “Best Paper Award” at the premier robotic conference (RSS), lead to a
patent application, a new collaboration with a prosthetics researcher (Segil, 2017) and is
currently commercialized by Robotic Materials Inc. The sensor, in an array of 8x8, is shown
in Figure 6, in an application as “robotic skin” as well as a commercial product, based on
technology licensed from the university and marketed by “Robotic Materials Inc.”, a
company founded by the PI.

The manufacturing of such composites that can sense, communicate information within the
material, perform some basic processing of information, and need to have —in the case of a
robotic gripper — certain structural properties is non-trivial and described in the
manufacturing of multi-functional composite track at the 2017 Int. Conf. on Composite
Materials (ICCM) in Xi’An, China. (Correll, ICCM, 2017) This is shown in Figure 7.
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Figure 6. “Robotic Skin” consisting of an array of 64 infrared proximity sensors emedded in
polymer (left) and a commercial robotic gripper (right) with a similar array of sensors (right).

Figure 7. A multi-part mold holds the structural material (3D printed ABS) and the printed
circuit boards during overmolding (left). Equipment and materials used during the process
(right). (Correll, ICCM, 2017)

IV Signal processing in robotic materials

Our results demonstrate that the computational requirements of robotic materials for signal
processing and control are non-trivial. Calculating the inverse kinematics of a shape-
changing material has a computational complexity that is cubic with the number of
elements (albeit we provided a linear-time approximation), and materials like the robotic
skin in Figure 6 create large amounts of data. In order to move on from ad-hoc solutions to
these problems, we have begun investigating more general methods inspired by recent
breakthroughs in machine learning. It is well known that a neural network is able to
approximate any conceivable mathematical function and, with certain modifications, even
encode any computer program. Training such networks has recently become much easier,
making it possibly feasible to use these technique to train both controllers and signal
processing for robotic materials.



We have begun to explore this idea by training neural networks on data sets that were
available online and are relevant to the robotic materials context. The key idea is illustrated
in Figure 8.

Figure 8. An ensemble of convolutional neural networks whose individual output feeds into
a Long-Short Term Memory (LSTM) cell, which communicate with their local neighbors.

One such dataset consists of “social touch” pressure data from human-robot interactions,
another consists of inertia measurement units (IMUs) that were distributed across the
human body. We have been able to successfully train neural networks for both applications
with emphasis on limiting the available computational power and the communication
between neighboring computers so that the computation could be performed on computers
that are small enough to be co-located with the sensors. These efforts have led to two
publications (Hughes, ICRA, 2017) and (Hughes, DARS, 2016), the latter nominated for a
“Best Paper Award”. An additional case study for distributed machine learning has been the
smart skin shown in Figure 6, which has led to a journal publication (Hughes, 2018), as well
as a rubber tire with integrated piezo microphones to classify the ground the tire is on. This
setup and selected results are shown in Figure 9. Different surfaces (air, concrete, grass,
gravel) lead to different spectral information (top right), which can the be classifed using a
neural network. Optimal parameter sets for the neural network that trade network size and
performance are found using genetic algorithms. This research has been described in (N.
Correll, 2017), which has been invited for journal publication in the premier robotics journal
Int. Journal of Robotics Research with Dana Hughes as the lead author.
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Figure 9. Top left: An RC car with microphones and computation embedded in the tire. The
inset shows the sensors for comparsion reasons. Different surfaces (air, concrete, grass,
gravel) lead to different spectral information (top right), which can the be classifed using a
neural network. Optimal parameter sets for the neural network that trade network size and
performance are found using genetic algorithms.

V Conclusion

This research project has pioneered a new class of smart composites that tightly integrate
sensing, actuation, computation and communication and demonstrated a large variety of
application areas from shape-changing airplane wings to smart cloths, smart tires, and
smart robotic skins. Distributed computation is critical for adding intelligence to these
systems, which includes both signal processing and control, and neural networks provide a
powerful tool to not only implement the required computation, but also automatically train
distributed algorithm. The latter has emerged to be one of the foci of my research group.

The work on “robotic materials” has also led to considerable visibility in both the robotics
and material science communities with a highly-cited review paper in Science, a vision paper
at the key Sensor Networks conference (Han, 2017), a vision paper at a robotics conference
(Correll, 2017), and a workshop sponsored by the Computing Community Consortium (CCC)
in Washington, DC. In addition to distributed computation, these events have shown the
need for future robotic materials to both communicate and be powered wirelessly, which is
the focus of my ongoing AFOSR research effort.
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