UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
Design of Impact-Resistant Tensegrity Landers

Permalink
https://escholarship.org/uc/item/40n371th

Author
Zhang, Alan S

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/40n371th
https://escholarship.org
http://www.cdlib.org/

Design of Impact-Resistant Tensegrity Landers

by

Alan S Zhang

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Engineering - Mechanical Engineering
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:
Professor Alice Agogino, Chair

Professor Dennis Lieu
Professor Ronald Fearing

Summer 2022



Design of Impact-Resistant Tensegrity Landers

Copyright 2022
by
Alan S Zhang



Abstract
Design of Impact-Resistant Tensegrity Landers
by
Alan S Zhang
Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley

Professor Alice Agogino, Chair

Modern emergency response operations increasingly use remote ground-based sensors to
provide real-time situational awareness for first responders. However, human users often
must personally enter a dangerous situation to place the sensors. The seamless deployment of
such sensors without human intervention allows for faster, wider distribution at minimal risk
to human lives. This work presents a systematic approach to the design of impact-resistant
tensegrity landers capable of autonomous high-altitude aerial deployment of critical sensor
payloads in disaster scenarios.

Tensegrity structures are derived from the concept of “tensile integrity” and are composed
of rigid rods suspended by elastic cables in a tension network. Their lightweight and flexible
properties protect the sensor payload from landing impacts at high velocities. Design equa-
tions and simulation models are first used to inform the hardware design of the tensegrity
structure and provide upper-bound estimates of viable tensegrity lander designs. A compre-
hensive range of drop test experiments are conducted to validate the impact behavior and
demonstrate the impact-resistance in the highest-altitude drop test experiments of tensegrity
landers to date. The experimental results are leveraged to propose empirical scaling laws
for the rapid and efficient design of future generations of tensegrity landers. Furthermore,
two new tensegrity lander designs, an asymmetrically-weighted structure and a badminton-
inspired structure, augment the tensegrity with self-stabilizing functionality to control for
the landing orientation of optimal impact mitigation as indicated by the drop test experi-
ment data. The results reveal further opportunities to optimize the design of the structure
by aligning the stiffness of the structure with the desired landing orientation. Such a tailored
structure can have motorized cables decoupled from the impact event that can then be used
to provide locomotion for an ideal hybrid lander-rover tensegrity system.

Overall, the work contributes design methods, reorientation capabilities, and validated hard-
ware prototypes to the grand challenge of tensegrity robotics: demonstrating a fully au-
tonomous tensegrity robot capable of safely navigating through unstructured terrain.



To a bright future. Fiat lux.
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Chapter 1

Introduction

Modern emergency response operations increasingly use drones and remote sensors to provide
real-time situational awareness for first responders. Ground-based sensors in particular can
provide the long-term continuous monitoring that aerial drones inherently cannot. However,
human users often must personally enter a dangerous situation to place the sensors. The
seamless deployment of such sensors without human intervention allows wider distribution
and minimizes risk to human lives. Autonomous deployment capabilities — potentially via
airdrops — are required to achieve this goal.

This dissertation presents a systematic approach to the design of impact-resistant tenseg-
rity landers capable of autonomous high-altitude aerial deployment in disaster scenarios.
Tensegrity structures are derived from the concept of “tensile integrity” and are composed
of rigid rods suspended by elastic cables in a tension network. Their lightweight and flexible
properties protect the critical electronics payload from landing impacts at high velocities.
The work spans the modeling, design, and experimental testing of the tensegrity landers.
The primary focus is the hardware design and impact analysis to ensure the safety of the pay-
load. It demonstrates a design methodology that is applicable to building viable tensegrity
landers for any given deployment conditions in the future.

The remainder of this chapter frames the background and motivation for using tensegrity
structures as landers and then discusses prior work in this problem space. Chapter 2 presents
a review of tensegrity geometry, statics, and kinematics. Design equations are used alongside
deployment constraints to inform material and manufacturing selections for constructing the
hardware prototypes. Chapter 3 derives analytical solutions to model the landing impacts
and discusses the simulation tools used to implement them. Chapter 4 analyzes drop test
experiment data through a robust sweep of design parameters such as lander size and payload
weight. The data is fit against the models to form a series of empirical scaling laws for
generating future designs. Chapter 5 is on the rotation control of the lander in free-fall for
situations with orientation-dependent sensors such as cameras or antennas. Two solutions
are designed with a model-based approach and their self-righting behaviors are validated in
experiment. Finally, Chapter 6 summarizes the dissertation and discusses future work and
applications for tensegrity landers.
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1.1 Background and Motivation

Robots can navigate the extreme environments of disaster zones to assist with relief efforts
and save lives. Conventional forms of transportation are unable to pass blocked or damaged
roads, so humans often must manually transport critical supplies of food, water, and first-
aid. Similarly, humans may experience difficulty in traversing the rubble when searching for
survivors. In both scenarios, robots that are able to quickly and reliably navigate across
uneven terrain provide invaluable benefits in humanitarian crises [1].

Critically, in the immediate aftermath of disasters such as gas leaks and chemical spills,
improved situational awareness for first responders at the scene can accelerate rescue oper-
ations while also reducing human risks. A key priority in such missions is to minimize the
risk to human users who often need to personally enter a dangerous area to manually deploy
the sensors. However, safe deployment of delicate sensors and instruments in these environ-
ments is not straightforward due to limitations in movement and transportation. Traditional
wheeled vehicles have difficulty in the uneven terrain, and while disaster robots provide a
promising solution they require human users to be on site for deployment. Alternatively,
unmanned aerial vehicles (UAVs) can easily fly over the target zone even as first responders
are en route, but they have their own set of limitations. Drones can be used for data acqui-
sition from the air, but they cannot provide persistent monitoring over time as their flight
times are limited by a relatively short battery life. Furthermore, they cannot land on the
uneven terrain typical of disaster environments and thus they are limited in the ground-level
data they can provide. To maximize performance of the system it is possible to combine
the UAV with a sensor payload deployable by airdrop into the disaster zone. A variety of
strategies have been developed to address the challenges presented by the high landing im-
pacts from airdrops. Most importantly, airdropped payloads must guarantee the safety of
any human occupants inside the drop zone. Solutions to mitigate impact such as reducing
payload weight, deploying parachutes, and utilizing honeycomb decelerator material have
been considered for human safety factors in airdrops [2].

Tensegrity structures are composed of rigid bars suspended by elastic cables inside a
flexible tension network based on the principle of “tension integrity” or “floating compression”
[3, 4]. The system maintains its shape in static equilibrium by balancing compressive forces
in the bars and tensile forces in the cables. In this fashion the rigid bodies are "floating" in
space and are supported solely by the elastic cables without contacting any of the other rigid
bodies. The structures can then dissipate locally applied forces across the global tension
network and thus become mechanically stable and robust to external forces. Theoretically,
each member is either in pure tension or pure compression, so there are no amplified forces
from moment arms or stress concentrations as seen in conventional robot mechanism designs
[5]. Due to the nature of how the members are connected inside of the tension network,
the system is capable of global force distribution across all of the members which makes it
highly robust to external impacts. Overall, tensegrities are naturally compliant structures
characterized by their flexibility, stability, and high strength-to-weight ratios, and these
benefits motivate the use of the tensegrity as a soft robotic platform [6].
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First developed for art and architecture during the 1960s [7], tensegrities have subse-
quently been used in many science and engineering applications. They can model the phe-
nomenons of biological structures found in nature across multiple scales [8-10], act as smart
sensors [11], form lattice metamaterials for optimized strength at minimal mass [12], and be
deployed as controllable structures [13]. They recently have been of great interest in many
soft robotic applications that take further advantage of their natural mechanical properties
[14, 15|. Lightweight and compliant tensegrity systems are promising solutions in robotic
applications that require flexible motion and robust movement across difficult terrain. Re-
searchers are developing multiple forms of tensegrity-based robots in pursuit of this goal.
Designs and applications include: simple walking geometries [16, 17|, bio-inspired tenseg-
rity joints to mimic natural motion [18], flexible robot spines for quadruped walking robots
[19], duct-climbing robots that can traverse narrow vertical spaces |20, 21|, programmable
structures that have controlled deployment through 3D-printing [22], and spherical probes
as planetary explorers and landers [23].

A natural addition to the use of tensegrity structures as planetary landers is the deploy-
ment of remote sensors to provide situational awareness in tactical and emergency response
operations. Tensegrity structures are ideal candidates for high-altitude autonomous deploy-
ment from a UAV due to their light weight, impact resilience, and ability to protect their
sensor payload without a parachute or consumable energy-dissipating honeycomb decelera-
tor material. The collapsible design can enable ease of transport and portability. They are
easily carried by drones or light aircraft and can be accurately dropped into a target area
with relatively low levels of lateral drift. The impact properties such as terminal velocity
can be specifically tuned depending on the size of the structure and the payload weight it
carries. With the correct design parameters, not only would the robot survive the singular
landing impact on unknown terrain from the initial drop, but it would be continually robust
to a variety of external disturbances encountered during operation. Furthermore, depending
on the desired deceleration properties the tensegrity can often be reused for multiple deploy-
ments. Overall they provide an efficient and effective solution to the need for situational
awareness and rapid emergency response in disaster scenarios.

1.2 Prior Work

The Berkeley Emergent Space Tensegrities (BEST) Laboratory, in collaboration with NASA
Ames Research Center, has worked on multiple shape-shifting six-bar spherical tensegrity
robots to use as the next generation of planetary landers and rovers for space exploration
missions [24]. Due to the robots’ promising ability to survive high-altitude landings and
subsequently navigate across difficult terrain, the BEST Lab and its spin-off startup Squishy
Robotics are also researching the robots’ performance as a search and rescue rover deployed
by a drone during a disaster scenario. In both types of applications the robustness of the
tensegrity structure is critical to mission success and depends on the robot’s natural ability
to survive drops and absorb impacts.
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Prior work has focused on design and control using series-elastic actuation on a standard
six-bar icosahedron geometry where each tensile element consists of a cable and spring in
series. This configuration provides a good approximation of a sphere with a minimal number
of members. The spherical structure is of great interest in a high-altitude deployment appli-
cation due to its symmetrical nature. Its locomotion capabilities and impact resistance are
not completely dependent on its orientation so there is little need to control how the robot
lands on the ground or prevent the robot from accidentally rolling over. The robots’ current
locomotion scheme uses motors to alter the cable lengths and deform the structure, allowing
the robot to perform a “punctuated rolling” motion through controlled shape-shifting [25].
For faster and more efficient movement the robot benefits from the additional compliance
provided by lower stiffness elastic elements. However, in a typical mission the robot must
also be able to survive drops from its initial deployment as well as subsequent landings from
rolling down hills or off ledges. In these extremely dynamic events the structure benefits
from higher stiffness elastic elements that can reduce the deformation experienced during
impact. These two major functionalities of the tensegrity are inherently opposed and ongoing
research still seeks to fully develop the tensegrity landers’ dual capabilities.

While there has been work on simulating the robots during drop tests or hopping motions
there are few quantitative drop test experiments on the physical robot itself. The simula-
tions alone are not sufficient to understand the impact dynamics as they often use ideal
assumptions and simplified dynamics. Therefore the results do not fully capture the impact
behavior of the structure. In terms of hardware design some measures such as cushioned
end caps have been explored to reduce damage to the structure during impact, but a bet-
ter understanding of the structural response is needed to identify critical failure points and
implement impact-resistant designs in their place.

This work analyzes the robots’ impact characteristics and evaluates the tensegrity struc-
ture’s protective properties during a wide variety of experimental landing scenarios. The pri-
mary focus is on the autonomous delivery of sensors using tensegrity robots that are capable
of being deployed from commercial drones or other aircraft. These robots use the impact-
resilient tensegrity structure as a protection apparatus for the rapid delivery of a sensor
payload from an aerial vehicle to the ground. The research leverages the tensegrity structure
and its associated benefits to design a novel robot specifically built to protect the payload and
survive impacts after being dropped from a large height. Initially designed for commercial
use in Hazardous Materials (HazMat) scenarios, the robot can also be customized for other
uses including CBRN (Chemical, Biological, Radiological, Nuclear) situations, wildland fire
monitoring, and small medical supplies delivery. In particular, this robot can withstand
repeated drops of over 100 m while safely carrying a payload with visual, chemical, and
atmospheric sensors commonly used for emergency response. It can survive these impacts
using structural compliance alone, without the use of additional landing equipment. This
capability enables the robot to utilize its passive compliance towards many advantageous
properties such as faster deployment, reduced upkeep costs, and increased structural robust-
ness, for an overall advancement in the range of robot capabilities during disaster response
scenarios.



Chapter 2

Tensegrity Design

2.1 Six-bar Spherical Tensegrity

Valid tensegrity systems of various form factors can be found to meet virtually any size and
shape constraint [26]. In particular, the tensegrity system studied in this work is the six-bar
spherical tensegrity structure, one of the more commonly researched tensegrity configurations
in the literature. It has the best approximation of a sphere for the number of members in the
system and has an open volume in the center of the structure to suspend a sensor payload.
Tensegrity forms exist for rounder spheres, but increasing amounts of additional members
are needed for each improvement in the spherical approximation [27], causing the control
of such a system to be prohibitively complex. The six-bar tensegrity thus has an optimal
balance of spherical shape and simplicity of design. Due to its symmetry it is relatively
easier to model and control, since the locomotion capabilities and impact resistant are not
completely dependent on its orientation in space.

The topology of the six-bar spherical tensegrity robot is based on a tensegrity structure
that consists of six rods and twenty-four cables (Fig. 2.1). The six rods are divided into
three parallel pairs aligned with the Cartesian axes. Another name for the six-bar tensegrity,
"expanded octahedron", is derived from linearly offsetting each of the three primary axes of
an octahedron to form these six rods. Each rod end is connected by four cables to neighboring
rods but never to its parallel paired rod. This creates a structure with eight equilateral
triangle faces and twelve isosceles triangle faces which are formed by the position of the
rod ends. As not all nodes are connected by cables, each of the twelve isosceles triangles
are referred to as open faces with cables connecting two of their three edges. The eight
equilateral triangles are referred to as closed faces with cables connecting all three edges.
The discrepancy in the sizes of the triangular faces is caused by the tensegrity forming a
Jessen’s icosahedron rather than a true icosahedron due to the self-tensioning properties of
the system.
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Figure 2.1: Representative plot of a six-bar tensegrity structure. The rod pairs are aligned
with the coordinate axes.

Prior Work on Six-bar Spherical Tensegrities

Numerous mechanical models have been developed to analyze valid tensegrity configurations
generated from the tensegrity form-finding problem [26]. The solutions typically focus on
small deviations from the unique equilibrium states of tensegrity structures and depend on
solving for the minimal potential energy in the system at each position. While some prior
work does not explicitly analyze the six-bar tensegrity structure, the fundamental methods
and resulting findings are generalizable and readily applied to all tensegrity structures. The
stiffness of the structure is based on the tensegrity member connectivity, geometry, material
properties, and the prestress of the tensegrity cables [28]. Increased pretension makes the
system stiffer and more robust to external loading as more force is required to make a
string go slack and greatly impact the mechanical response of the structure. Furthermore,
equally scaling the prestress of the entire system will increase the potential energy while
still maintaining its consistent shape [29, 30]. The structural stiffness changes as different
bending or compressive loads are applied to the tensegrity system. In compression, the
stiffness will generally increase with the applied load but will ultimately drop to zero at a
critical external force to fully collapse the structure in a characteristic dual-regime stiffening-
softening response [31, 32|.

Generalized equations of motion have subsequently been derived to analyze the dynamic
behavior of tensegrity structures. As with the form-finding process, the equations model the
structures around equilibrium configurations for ease of analysis before linearizing the system
dynamics for the complete solution [33-35]. Initial solutions have been considered for planar,
one degree-of-freedom structures [36, 37| and then extended into higher order systems [38].
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In most cases, studies of tensegrity dynamics have been motivated by developing control
laws to manipulate the member lengths of the structures for deployment. Tensegrities are
controllable structures that require relatively low energy to change shape. If they can be
reconfigured into a new equilibrium position, then no additional energy is needed to maintain
the new shape of the structure [29]. Many different control strategies have evolved to generate
complex motions using tensegrity structures. Depending on the purpose of the robot the
motion could be constrained along a prescribed path or range of motion such as for a flexible
robot spine [19]. For a spherical tensegrity robot the primary goal is to find locomotion
schemes that support the needs of the planetary exploration or disaster search-and-rescue
mission [39]. Such control algorithms utilize the symmetry of the structure to achieve a
consistent and repeatable rolling or walking motion that can be used when the robot is
sitting on any of its icosahedron faces. The control of a six-bar structure has been shown
to be governed by a finite set of ordinary differential equations (ODEs) parameterized by a
set of eighteen generalized coordinates [40]. In most practical robotic systems the processing
power might not be able to adequately control all these variables and provide sufficiently
low response times needed for locomotion, leading researchers to search for ways to estimate
actuation parameters [41] or automate the control using reinforcement learning [42, 43]. In
addition, alternative methods of locomotion that do not depend on the complex control of
bar or cable lengths have been explored, such as vibrating the structure to move along a
surface [44] or inserting propeller blades into the structure for short-distance flights or hops
[45], but these methods are less predictable and reliable than the traditional cable-based
locomotion schemes.

Of particular interest is the model presented for a two-stage tensegrity structure in [6].
While the overall shape and size are the same, the two-stage tensegrity structure differs from
the six-bar structure in several ways. It is considered to be two stacked three-bar tensegrity
prisms joined together by a slight overlap rather than a single structure, and the top and
bottom faces are assumed to be rigid, homogeneous plates rather than three independent
cables that form a triangular face. Nevertheless, the remaining physical assumptions as
well as the approach to modeling and analysis were formative to how future researchers
studied tensegrity structures. The following discussions in this work will use their defined
cable classification nomenclature. When resting on a triangular base, the six-bar tensegrity
structure has three unique cable types (in addition to the cables on the top and bottom
faces, which were not considered in their model): 1) Saddle (S) cables that connect one rod
from each stage and form the outer circumference of the spherical tensegrity, 2) Vertical (V)
cables that connect rods of the same stage, and 3) Diagonal (D) cables that connect one rod
from each stage (Fig. 2.2). Each triangular face of the six-bar tensegrity, with the exception
of the top and bottom faces, is composed of exactly one cable of each type and defines the
structure as an SVD-class tensegrity [46].
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Figure 2.2: Isometric (left) and side (right) views of two-stage SVD (six-bar) tensegrity
structure resting on its triangular base

2.2 Design Equations

The following series of design equations are proposed in the context of designing tensegrity
structures to withstand landing impacts. They are meant to be used as a high-level first
pass for hardware parameters of the landers specifically and would lead to excessively ro-
bust designs for a controllable mobile robot that is not currently being deployed from high
altitudes.

Geometric Parameters

The first choice of physical parameters for the six-bar tensegrity structure is often the rod
length L, to get a general sense of the overall size of the lander. The rod pairs are nominally
spaced a distance of % apart to form the structure. Although the real value deviates slightly
due to the properties of Jessen’s icosahedron, modeling the geometry as a regular icosahedron
is both simpler and sufficiently accurate when building the physical prototypes. The cable
length L. can be calculated as an edge of the icosahedron assuming that the tensegrity is

stable and well-tensioned,
1 /3
L= —\/jLT (2.1)
2V 2

Each edge of the six-bar tensegrity structure has equal length in the static condition
based on its inherent symmetry. The radius r; of a circumscribed bounding sphere for a



CHAPTER 2. TENSEGRITY DESIGN 9

regular icosahedron of edge length L. is

L.
ro= V104 2v/5 (2.2)

Choosing the correct size of the tensegrity lander will depend on deployment options such
as the necessary deceleration for the payload. With increasing rod length, there is more open
volume contained by the tensegrity for the payload’s stopping distance during impact. The
size increase of the tensegrity also comes at a relatively low cost of increased mass due to the
sparse nature of tensegrity structures. However, scaling the structure too far might result
in inefficient use of the limited capacity of planes or drones, although the structures can
be packed flat before deployment. This deployment option requires mechanisms to provide
external forces to hold the structure in a non-equilibrium state and then intelligently release
the structure mid-flight, and will not be covered in the scope of this work.

Rod Forces

When the tensegrity structure impacts the ground, the majority of the ground reaction
forces are initially directed through the rods before being dissipated throughout the rest
of the structure. If the rods are impacting at an angle they will experience both normal
(compressive) and shear force components along the length of the rod and across the cross-
section, respectively. A maximum value for the force components can be found when the rod
is either impacting the ground horizontally (highly unlikely given the structure size and rod
interactions) or vertically (as seen in Fig. 2.1). This vertical landing orientation for the rods
is therefore a worst case condition for the forces experienced by a single rod. Rod material
failure in this mode is generally through compressive stress o,

Fe
Arod

where F, is the normal force, and A,,q is the cross-sectional area of the rod. The rod
may also fail through buckling forces,

O, =

(2.3)

2Bl

P = m (24)

where P,. is Euler’s critical buckling load, E is the Young’s modulus of the column

material, I is the area moment of inertia of the column, K is the column effective length

factor (taken to have a value of 0.65 given the fixed rotation and translation of the tensegrity

rods), and L is the unsupported column length. It has been shown that the onset of buckling

is an excessively strict criterion for tensegrity failure, and that remaining within the elastic

buckling regime can benefit the impact behavior and optimize the mass and strength of the

structure [47]. The landing force Fj,,q can be estimated using the change of momentum of
the system,
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Flana = A(mv) = mAwv (2.5)

where m is the mass of the tensegrity structure and v is its velocity, which is in turn
estimated through conservation of energy F,

1
E =mgh = §mv2 (2.6)

where g is gravitational acceleration and A is the drop height of the lander. The tensegrity
landers have a low rebound velocity after impact so for an additional safety factor in the
design Av can be considered to be approximately equal to the landing velocity. Making a
conservative assumption that the entirety of the landing force is focused on a single rod,
material parameters can be chosen to meet the strength requirements for landing with a
generous safety factor. Since it is more likely for slender rods to experience buckling than
compressive failure, it is also necessary to consider the total energy absorbed by the structure
and compare it to the energetic toughness of the rod material.

Cable Forces

By definition, the cables of the tensegrity structure will only experience tensile loads. Any
compressive or lateral loads will cause the cables to collapse, lose tension, and temporarily
decouple from the rest of the tensegrity structure. Although it is possible for cables to
experience this during impact, the near-instantaneous response of the structure to return to
equilibrium does not justify modeling the tensegrity as a function of the number of slack
cables. For example, consider a single slack cable within the structure: the two rod nodes it
is connected to must have moved closer together than their static equilibrium distance. As
a result the three other cables attached to each of these rod nodes have been extended past
equilibrium and will provide a large restoring force to bring the rods back to their starting
position, demonstrating the flexibility and robustness of the structure.
The cables will experience a tensile stress oy,

Fy

Acable

where F; is the tensile force applied to the cable of cross-sectional area A.q.. Cable
failure will be governed by the yield strength of the material. When the cable also includes
elastic elements, they will experience the same total force through the cable assembly but
undergo much higher deformation. Springs are limited by their maximum elastic extension,
after which they will begin to plastically deform and lose their elasticity. The force needed
for a spring’s elastic extension Fj,ing is given by

(2.7)

Oy =

Fspring = kx + F() (28)

where k is the spring constant, x is the amount of linear deformation or extension, and
Fj is the initial tension of the spring. Springs are rated by the maximum forces they can
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withstand before failure, and the cable forces must be designed around this limit. It is im-
portant to understand that any additional pretension in the springs will make the tensegrity
structure stiffer as previously stated, but effectively reduce the amount of additional impact
energy they can withstand. Since the springs around the entire structure will be passively
absorbing impact energy, conservation of energy can again be used to equate the sum of all
spring energies in the system to ensure that the springs remain in their operational limits,

24
1
=1

However, not all of the impact energy is purely transferred into the springs, and not all
of the springs are necessarily extended by equal amounts, if at all, in every landing impact
so this approach has difficulty in accurately predicting the spring behavior. The need to
identify which springs are engaged during the impact of the tensegrity structure motivates
a further investigation of three unique landing orientations in the following chapters. For
design purposes, the difference in cable lengths between the deployed (icosahedron) and
undeployed (flattened) state can be used as an approximation of the spring forces needed
to fully collapse the structure upon impact when landing in an orientation such as in Fig.
2.2. From the geometry of the flattened hexagon, the saddle and diagonal cables extend by
approximately 20% of their original length, the top and bottom cables do not change, and
the vertical cables go slack, meaning that the impact energy is equally distributed among
those select twelve cables in this scenario.

Spring Constants and Pretension

The overall effective stiffness of the tensegrity structure directly depends on the spring con-
stants used in the cable elements. Stiffer springs will produce a more robust structure, but
generally are much heavier. The additional impact energy therefore will remove any added
benefit of the stiffer springs. Due to this tradeoff between spring designs, it is beneficial to
also consider the spring’s stiffness to mass ratio as a parameter that captures the overall
effectiveness of the spring as an impact absorber. Choosing such a spring will optimize the
cable performance as outlined in the above equations.

The sensor payload is suspended in the center of the structure and is connected by a set
of twelve cables, one from each rod end cap to the nearest tangent point on the spherical
payload. During impact, the payload motion within the internal volume of the tensegrity
structure is constrained in all directions by these springs. As the primary motivation of the
tensegrity structure is to protect its central payload, the spring constants for the internal
payload cables must be chosen carefully. The tensegrity structure absorbs a large amount of
the impact energy through its deformation and rebound, but at the instantaneous moment
of impact the payload still has a downwards velocity. The effective spring constant of the
combined payload cables must inhibit the payload motion and reduce the probability of it
impacting the ground. Assuming that the payload is moving straight down the expression
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for the effective vertical spring constant of an angled spring can be used to find an overall
lumped spring constant kp that governs the payload motion,

kp =Y kicos®(6;) (2.10)
=1

where k is the spring constant and 6 is the angle measured from the vertical axis for each
of the n springs that are currently engaged (the extension springs underneath the payload,
for example, will not contribute any forces during compression). The expected forces on the
payload can be found from the desired deceleration characteristics and then used with kp to
calculate the stopping distance the payload needs. This distance should be, at minimum, half
the height of the tensegrity structure since the payload is suspended in the center. Generally,
because the structure is also compressing under impact, the effective stopping distance is
reduced and additional safety factors from the material choice and hardware designs will be
needed.

For the spring pretension for all cables in the tensegrity structure, a higher pretension
results in a stiffer structure but reduced energy capacity for absorbing impact energy in
the springs. A stiff structure is particularly useful in resisting deformations from its static
equilibrium state. In the design of tensegrity landers for impact there is a need to minimize
mass, and therefore energy capacity, of the springs. Therefore it is desired to have high
stiffness to mass ratio springs at a low pretension, in order to maximize the impact energy
they can absorb. From the prestressability conditions of tensegrity structures, the pretension
can be uniformly scaled across all cables without changing the overall shape. However, the
structure will deform more upon impact, so care must be taken to ensure that the collisions
between rods and the payload are not too severe.

The work in [48] explores the optimal pretension of a three-bar tensegrity prism to max-
imize its compressive stiffness. While the results may not scale directly to other topologies,
they are helpful in identifying potential key cables for the six-bar structure: the six-bar
structure has an aspect ratio (height to diameter) of 0.75 so it can be tentatively said that
it is controlled by failure criterion (e.g. yield of rod or cable material) rather than stopping
criterion (rod collision or locking). The work also classifies tensegrity structures with this
aspect ratio as being dominated by horizontal pretension. It is indeed observed that in the
compressive mode to flatten the structure discussed above, the saddle and diagonal springs
are oriented close to the horizontal direction and are the primary support against loading in
the compressive direction. Increasing the pretension in these cables will make the tensegrity
more robust against such compressive loads.

2.3 Hardware Prototypes

The BEST Lab has developed multiple versions of a six-bar tensegrity robot for testing
control and locomotion policies. The TT-3 mobile robot could locomote on flat terrain and
also survive a drop of 2 m while carrying a small payload [25]. As previously stated, the
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goals of mobility and impact resilience are inherently opposed, since locomotion through
cable actuation requires relatively low tensions in the cable elements to reduce motor loads
and improve energy efficiency, while impact resilience generally requires higher pretensions to
prevent excessive deformation of the structure during landings. Furthermore, the actuators
and motors needed for locomotion control add weight that increases the impact force without
providing any benefits to the impact response. For comparison, NASA’s SUPERball v2
robot weighs 38 kg without its payload and has been tested at drop heights of 3.4 m [49].
Solutions to mitigate motor loads during impact such as cable brakes have been explored
[50], but navigating the tradespace of impact resilience and motor locomotion remains very
much an area of active research.

With the goal of redesigning for higher drops, the TT-5,,cs, [51] was the lab’s first proto-
type of a droppable tensegrity robot capable of carrying a larger payload, while maintaining
mobility operations for a drop higher than 2 m (Fig. 2.3). It featured lightweight, hol-
low aluminum rods with plastic endcaps, a wooden payload box, and strain-stiffening latex
tubing for the tensile elements. The latex properties would enable the low strains for lo-
comotion without demanding excessive motor power and simultaneously resist large strain
deformation and energy absorption during impact. However, while the design of TT-5,,cs,
made compromises in cable stiffness and rod strength to enable mobility, it was insufficiently
robust to survive falls from over 5 m.

Figure 2.3: TT-5,,.5, six-bar tensegrity prototype
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The lab’s next generation of tensegrity robots were developed in collaboration with its
spin-off startup Squishy Robotics. Based on feedback from first responders, the tensegrity
system was split into two platforms: 1) a stationary robot that can carry delicate sensors
and other payloads from aerial vehicles, but with no ground locomotion capabilities, and 2)
a mobile robot that could walk on rough terrain, but not currently capable of large drops.
This strategy allowed the focus of the work to be on a better understanding the design trade
space of an impact-resistant stationary tensegrity robot without considerations for ground
mobility.

The stationary robot is based heavily on the experience of the TT-5,,.,, experiments. Its
design is meant to be a robust tensegrity for the purpose of providing impact protection for
payloads. The design process for refining the impact-resistance of the structure was to form
general engineering constraints from the design equations and then methodically tune the
physical parameters through simulation, rapid prototyping, and physical testing.

Initial stationary system prototypes were based on TT-5,,.s,. They used carbon fiber
rods for the main structure as a direct response to the need to simultaneously reduce mass
and increase rigidity of the compressive elements. Cable connectors on the rod ends linked
to a silicon rubber lattice with similar tensile properties to the strain-stiffening latex tubing
of the TT-5,,c5o. These prototypes also had new designs in the form of a plastic capsule
for the payload and neoprene foam as the impact absorbing endcaps to protect the rods
and cables from damage. These first stationary system prototypes were able to readily
survive drops from up to 10 m. The carbon fiber tubes showed promising behavior, but
the payload, endcaps, and tensile rubber lattice required further investigation. Since the
tensegrity structure mitigates the impact on the central payload without entirely preventing
it from occasionally colliding with the rods or the ground during impact, the plastic payload
could easily fracture from repeated drops. The foam endcaps were not able to protect the
cable connector pieces on the rod ends, and the silicone rubber lattices used to maintain the
tensile network suffered damage from the high strain rate over repeated tests. Overall, the
system could undergo no more than five drops before failure.

Upon switching back to steel springs for the increased stiffness and damage resistance,
subsequent prototypes demonstrated better impact performance but suffered from the spring
end hooks deforming during impact. Noticeable damage and plastic deformation accumu-
lated over time after approximately ten drops and could potentially lead to unreliable per-
formance in the repeated landings and collisions the robot would expect to experience in a
real product lifecycle.

Nevertheless, the design showed great potential and springs were continually used up to
the most recent iteration of the stationary robot (Fig. 2.4). It has a heavily modified end-
cap design as well as carefully tuned spring constants for both the main six-bar tensegrity
structure and the payload mounting connectors. It also features shorter rods made from
carbon-fiber tubing to reduce weight and prevent premature buckling, soft thermoplastic
polyurethane (TPU) endcaps to protect the rods and cable connections from impact dam-
age, a flexible TPU payload shell, TPU rod sleeves to protect against collisions with the
payload, and steel springs as linear elastic elements. Since the amount of shock that an



CHAPTER 2. TENSEGRITY DESIGN 15

object experiences during impact depends greatly upon the impact surface, material proper-
ties, and physical geometry, the TPU components were all designed with rotational symmetry
based on their mounting points [52|. Namely, the component features include approximately
hemispherical endcaps, a spherical payload shell, and uniform thickness rod sleeves to main-
tain a consistent level of robustness to impact from all potential loading directions. When
the structure is able to control the randomness of its impact orientation, as seen later on
in Chapter 5, future TPU components can be redesigned with additional features such as
buffers or ribs that are specially tailored to provide cushioning and impact protection in
primary loading directions.

Figure 2.4: Squishy Robotics stationary robot in a simulated disaster environment

The impact-resilient properties of this stationary robot system have been maximized
through multiple iterations over time. Overall, this design aims for a smaller, lighter, and
stiffer structure in order to provide as much payload protection during impact as possible.
Through a rigorous set of drop test experiments across multiple variations of hardware pa-
rameters, the measured peak payload acceleration is minimized while there have been notable
improvements in the overall fatigue life (i.e., the number of randomly oriented drops that
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the structure can withstand before the onset of plastic spring deformation or rod damage).
Finally, the material properties of the rods and cables used in the design calculations were
further validated in experiment by National Testing Systems (NTS) (Fig. 2.5).

Figure 2.5: From left: Cable pull test setup, rod compression test setup, rod buckling after
loading. Photos courtesy of NTS.

Rod compression tests determined the forces they could handle before failing, for com-
parison against the design equations. The samples were compressed at a rate of 0.04 in/min
until buckling, at which the rate was increased to 0.20 in/min until the rod snapped. The
rod reported a peak load of 1811.28 Ibf, with a 703.51 Ibf load and 0.710 in displacement at
break (Fig. 2.6).
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Figure 2.6: Compressive load curve for carbon fiber rod. Peak load noted by the red cross;
break point noted by blue square. The first break had audible cracking of the rod but not
complete snapping of the rod. Figure courtesy of NT'S.

Cable tension tests determined the breaking point of the crimps holding the cable to-
gether. This value greatly exceeds the maximum spring force, so it is used as a maximum
threshold of cable force in the event of spring failure. The cables were looped around 1/8"
hooks and pulled at a rate of 0.5 in/min until failure (i.e., snapping of cable, removal from
crimp, or any other result leading to a loss of bearing load). The cables reported an average
maximum load of 78.87 Ibf corresponding to a displacement of 1.629 in. at failure (Fig. 2.7).

The improved endcap and payload designs provide additional impact absorption, though
the improved performance of the stationary system is primarily due to the reduced weight and
increased stiffness. Compared to previous robots, the mass has been approximately reduced
by half mostly due to the removal of motors and actuators, the rods shortened by one-third,
and the stiffness increased almost two-fold (Table 2.1). Note that the stiffness parameter k
refers to the uniaxial tensile stiffness of the elastic elements when pulling the element along
the cable direction, not an overall effective stiffness of the structure’s deformation as a whole.
The exterior elements form the main icosahedron structure, while the interior elements refer
to the connections suspending the payload in the center of the structure. The twelve interior
springs and central payload add a substantial amount of rigidity to the structure and play a
critical role in impact protection. A previous iteration had & = 520 N/m springs for both the
exterior and interior springs, and a substantial improvement was observed when the interior
springs were switched to the new & = 740 N/m springs.
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Figure 2.7: Tension-load displacement curve for crimped nylon cables. Figure courtesy of

NTS.

Robot Mass (kg) Rod Length Cable stiffness k
(cm) (N/m)
TT-3 24 67 200
TT-5e50 1.7 72 271
: 520 (exterior)
Stationary Robot 1.1 47 740 (interior)

Table 2.1: Comparison of six-bar tensegrity robot design parameters
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Importantly, the design parameters such as rod length and spring stiffness can be tuned
to accommodate a variety of third-party payload weights and configurations. For clarity on
the different designs, the robots will also be henceforth be referred to by the diameter of
the effective circumscribing bounding sphere for each tensegrity structure, with additional
modifiers as necessary. The version presented in Table 2.1 is for the standard 22" HazMat
Stationary Robot platform, although scaled versions will be explored in this work for a
broad understanding of the deployability and impact performance of the system (Fig. 2.8
and Table 2.2). The scaled tensegrities give a concrete visualization of how the overall size
of the sparse and lightweight structure scales with rod length. Such larger robots are able
to add additional space to the payload’s stopping distance, at a minimal increase in mass.

Figure 2.8: Tensegrity structures of multiple scales. From left: 38", 13", 30", 22", and 48"
robots.

Robot 13" 22" 30" 38" 48"
Rod Length 2% 47 66 84 102
(cm)
Bounding
Sphere
Diameter
(cm)
Mass
Without 0.647 0.784 0.875 0.920 1.010
Payload (kg)

33 26 76 97 122

Table 2.2: Overview of scaled tensegrity structure parameters
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Chapter 3

Impact Modeling

3.1 Overview

As previously discussed in Chapter 1, prior work on simulating tensegrity robots during
impacts from landing or hopping motions has often used ideal assumptions and simplified
dynamics to parameterize the rods and cables. As a result, the simulations alone are not nec-
essarily sufficient to understand the exact nature of the impact as they do not fully capture
the dynamic behavior of the structures. Nevertheless, the simulation of tensegrity landers has
proved invaluable in rapidly iterating through hardware parameters against design bench-
marks, as well as providing key design insights on methods to improve the impact-resistance
of the system. High-fidelity simulation tools can be used to rapidly test a large variety of
parameterized tensegrity models to optimize design considerations in a considerably shorter
amount of time than in hardware. Namely, valuable information on internal rod bending
and compression stresses, cable tensions, and rigid body accelerations during short-duration
high-load impacts can provide valuable insights on the overall geometries and components
necessary for robust tensegrity topologies and designs.

In particular, numerous models for the buckling behavior of tensegrity rods during dy-
namic events have found that the ideal tensegrity assumption of uni-axial loading break
down (i.e., the rods are not necessarily always in pure compression) [53, 54]. In fact, the
rods are shown to absorb a greater portion of the kinetic energy than previously known
through their elastic buckling and thus significantly contribute to the structure’s capabilities
in protecting the payload. This key finding provided a new theoretical design framework to
design around the expected forces on the tensegrity rods, as shown in the previous chapter.
It is sometimes beneficial for the analysis to consider the rods and cables of the tensegrity
structure as discrete components of an overall system. During certain impact events, when
the ideal tensegrity assumptions break down there is a loss of tension in the system and for
an instantaneous moment each rod may only have a subset of its cables coupling its forces
with its neighbors’. It is during these moments that the rod can be considered isolated in a
worst case landing scenario with no way to dissipate its local forces into the global tensegrity
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network. Designing the rods to absorb energy through buckling modes accounts for such
scenarios and improves the mass efficiency of the system.

Prior work in the BEST lab has utilized a variety of simulation packages to aid in rapid
design and prototyping of tensegrity structures for many applications. One of the earliest
simulation environments for testing and evaluating tensegrity robot locomotion and mobility
is the open-source NASA Tensegrity Robotics Toolkit (NTRT). NTRT enables the rapid cre-
ation and simulation of tensegrity structures by presenting a C++ API that allows designers
to assemble and control fundamental tensegrity components such as cables, rigid bodies, and
actuators. Specifically, the simulation environment is intended for obstacle collision detection
and real-time simulation. Unfortunately, the Bullet Physics Library which NTRT is built on
primarily uses simplified rigid bodies which do not model the internal bending and tensile
and compressive stresses very well. As a result, while NTRT can provide many valuable
insights into locomotion, it is not well-suited for dynamic and transient impact analysis.

Unifying the modeling and simulation of tensegrity structures during impact with match-
ing experimental results very much remains a major challenge in the field. Very recently pub-
lished "quasi-static compression experiments and dynamic drop weight impact tests...|are]
the first to experimentally corroborate theoretical studies of buckling tensegrity structures”
[55]. In this study, the tensegrity structure was a twelve-bar truncated regular octahedron,
chosen for its six square orthogonal faces to allow tessellation in 3D lattices to form a tenseg-
rity metamaterial. Furthermore, the sample size of a unit cell was approximately 5 cm and
it was loaded with forces of up to 20 N. Although the tensegrity topology is different from
the six-bar tensegrity structure and the scale of impact forces and velocity are orders of
magnitude lower, it serves to emphasize the tremendous difficulty in correctly aligning sim-
ulation models with experimental values for tensegrity impacts, and highlights a promising
methodology to advance the research in the future.

3.2 Analytical Solutions

In analyzing the impact-resistance of the tensegrity lander, the primary metric of success
is the peak acceleration experienced by the sensor payload suspended in the center of the
structure (damage thresholds for impact tolerance are generally specified through peak ac-
celerations and displacements in the literature rather than stresses and strains). While the
other components of the hardware such as the rods and cables are allowed to experience
unexpected failures from overloading in the worst case scenarios, the sensor pod itself is
mission critical and cannot sustain any damage without compromising the operation of the
tensegrity lander during deployment. It is important to establish damage boundaries for
the impact tolerance of an electronics package, although the measurement process is often
challenging [56]. Drop test models and simulation in the literature primarily focus on the
protection of electronics at the board level, namely the evolution of stresses and strains in
the solder joints or at layer interfaces of the circuit board [57]. However, there is limited
literature analysis correlating drop tests at the board level with those at the product level,
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namely considering the interactions between the electronics, fasteners, and outer enclosure
[58]. Notably, there is also a gap that exists in the study of repeated drops of electronics at
the product level that this work will consider for the repeated drop test experiments of the
tensegrity landers.

When considering the case of the tensegrity structure deployed in a high-altitude landing,
the impact response of the sensor electronics in the payload are even further removed. If the
TPU payload shell can be considered as the product level, then the tensegrity structure is
one layer above that at a system level. This separation poses an even greater challenge than
previously expected in mapping the tensegrity structure’s impact to the forces experienced by
the electronics. Before even considering the effects between the sensor board and the payload
shell, the landing dynamics of the tensegrity structure are already complex, multibody, highly
coupled, and nonlinear. Conventional equations of motion for a six-bar tensegrity structure
involve eighteen generalized coordinates for kinematics, or twenty-four degrees of freedom
for full control using cable dynamics. Furthermore, there is currently no way to reliably
measure any of the individual cable behavior in real-time experiments. The complexity of
a potential solution motivates a search for ways to simplify the analysis through models
that can approximate the effective behavior of the structure during impact and simplify the
equations of motion.

The impulse momentum model is a common and simple method to model impact using
the conservation of momentum, but is limited in scope to rigid body collisions and does not
consider the deformation of the bodies. They are better suited for collisions that involve
small deformations and minimal contact times. On the other hand, contact models based
on Hertzian contact theory allow for elastic deformation of interacting bodies but assume a
perfectly elastic collision with no energy losses. For a flexible system such as the tensegrity
structure, a potentially suitable candidate for impact modeling is the mass-spring-damper
model that can combine elastic deformation and energy dissipation [59]. Consider the clas-
sical mass-spring-damper model of an object of mass m contacting the ground through an
interface of linear stiffness coefficient k£ and damping constant ¢ (Fig. 3.1). Its oscillatory
motion is parameterized by the directional coordinate z in the equation of motion used to
solve for the total force on the object. Assuming no other external forces are present, the
equation of motion for the mass-spring-damper is given by

mi + ct + kx = —mg (3.1)

where g is the gravitational acceleration in the negative = direction.

The mass-spring-damper model is readily able to use the contact time of a collision ¢,
and its coefficient of restitution e, two of the more easily measured parameters of an impact
experiment, to derive k£ and ¢ for a system. Stiffness and damping are not easily solved
for, since they do not necessarily scale directly from the material properties especially under
higher rates of loading. Indeed, a quasi-static compression test of the tensegrity structure
presented below will report notably different effective stiffness values than those measured
through impact experiment. Assuming that k and ¢ are constant during impact and that
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k ¢ |—

Figure 3.1: Mass-spring-damper model

the object has a low weight to stiffness ratio (¢ < 1), then the equation of motion can
be solved such as in [60] to provide closed-form expressions for stiffness and damping as a
function of measured contact time and coefficient of restitution.

k= g(ﬁ + (Ine)?) (3.2)

c

2m

C= —

Ine (3.3)

(&

The tensegrity landers are considered for three unique landing orientations during impact:
closed face, open face, and double rod, i.e., when the robot landing is directly aligned with
a vertical pair of parallel bars (Fig. 3.2). For additional clarity, the closed face and double
rod landing orientations can also be seen in Fig. 2.2 and 2.1, respectively.

Since the impact orientation of the structure is inherently random and dependent on a
variety of drop conditions, these three landing orientations are tested in order to capture a
range of possible impact behaviors for the system. Qualitatively, the closed face orientation
provides the most flexibility and energy absorption through structural deformation since
that is the direction the structure is most readily compressed. The double rod orientation
is the stiffest orientation in terms of structural deformation since the majority of the shock
loading is imparted axially along the rods and there is little to no compression in this loading
direction. Finally, the open face orientation is a balanced mix between the two behaviors
since the rods are impacting at a near-vertical angle, but there is a slightly greater degree of
compressibility in the structure.
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Figure 3.2: Tensegrity structure with highlighted closed face (red), open face (blue) and
double rod (green) landing orientations

The 22" tensegrity robots were tested in a series of controlled drops from 1.5 m for
each landing orientation to characterize the model coefficients from measured data. Frame-
by-frame analysis of camera video was used to calculate contact time . and coefficient
of restitution e based on the structure position over time relative to a reference distance
calibration included in the shot of the video. The theoretical force was then calculated by
the mass-spring-damper model parameters using the structure’s instantaneous deformation
x and velocity & at the moment of impact (Table 3.1). For comparison with the model, the
the tensegrity structures were dropped on a force plate that recorded the impact force profile
for each of the drop events (Fig. 3.3).

Parameter Closed Face Open Face Double Rods
te (s) 0.040 0.033 0.027
e 0.56 0.50 0.57
k (kN /m) 7.0 10.4 15.4
¢ (N-s/m) 32.0 46.2 45.8
Impact Force (N) 360 508 524

Table 3.1: Mass-spring-damper model parameters and impact force calculations, 22" robot

1.5 m drop tests
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Figure 3.3: Representative impact force profiles, 22" robot 1.5 m drop tests

Inspecting the trends in the mass-spring-damper parameters and the impact force profiles
verifies the qualitative behavior observed between the three primary impact orientations.
Contact time of impact decreases from closed face, to open face, to double rods while the
effective stiffness of the structure increases. The increase in peak force is also captured by
the force plate, although there is only a slight difference between the open face and double
rod orientations, perhaps due to the low impact velocity. The secondary impact in the open
face force measurements is from the structure bouncing sideways on the force plate: in this
landing configuration, the structure is resting at an offset angle and is prone to immediately
rolling upon impact. This overall behavior of the landing configurations remains consistent
over a significant number of tests and highlights the importance of considering orientation
during impact experiments (Fig. 3.4).

For the closed face and open face orientations the impact force predicted by the mass-
spring-damper model falls within the range of the force plate measurements. However,
there is a model mismatch for the double rod landings where the force is underestimated
compared to the experiments. In previous experiments to fit the mass-spring-damper model
in the literature, higher stiffness values for the system resulted in greater discrepancies with
experimental values, likely due to energy losses from vibration not being considered [61].
There may also have been limitations and measurement errors present in the experiment,
especially with the video camera framerate capturing the motion of the tensegrity structure
in discretized locations and potentially being slightly phase shifted in time away from the
precise moment of impact. Nevertheless, the good level of agreement for the other two
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Figure 3.4: Drop test impact force distributions, 22" robot 1.5 m drop tests

orientations is more important since those are the primary landing modes the structure
should aim to land on to minimize payload acceleration. The next chapters will provide a
thorough quantitative justification for the optimal landing face and explore options to ensure
that the tensegrity can land in this orientation.

While the mass-spring-damper model is useful in capturing the overall macroscopic be-
havior of the tensegrity structure during impact, it is dependent on landing orientation.
However, further investigation is needed to verify if the model is able to still match the
experimental values at higher impact velocities, but close up video data of the force plate
impact for such drops was unable to be obtained, as discussed in the experimental design
presented in the following chapter. Furthermore, the model is unable to assist in the design
process and instead can only be used to fit against experimental data after time and energy
has been invested in building and testing a new tensegrity prototype. If the model were to
be used as a design tool, it would be necessary to map the physical hardware parameters
of the structure, such as rod and spring stiffnesses, into the stiffness £ and damping ¢ of
the mass-spring-damper model. At this time the relationship between the two is unclear
especially under higher rates of loading. As previously mentioned, the model parameters
do not scale directly from the hardware. A quasi-static compression test of the tensegrity
structure reported a best fit curve of stiffness £ = 1.4 kN/m, much lower than those found
by the model parameters fit to measured drop test experiment values (Fig. 3.5). Note that
the last data point in the force-deflection curve was omitted from the curve fitting because
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it corresponds to the tipping point of the structure during compression when it loses stiff-
ness and begins to collapse under any externally applied load. These experimental findings
further suggest that a mass-spring-damper model can capture the effective behavior of the
tensegrity structure well, since it can account for the almost visco-elastic behavior of the
deformation under various rates of loading.

80 Compression Test of Tensegrity Structure

70|

60 |

50

Applied load, Ibf

10 ¢ O Measured Deflections
o Linear Stiffness Curve Fit

0 2 4 6 8 10
Displacement, in

Figure 3.5: Compression test measurements of tensegrity structure in closed face orientation

3.3 Simulations

In addition to NTRT, MATLAB dynamics models have also been used to evaluate loco-
motion and actuation strategies for the tensegrity robots and utilize a simplified lumped
mass representation. This lends itself better to rapid design and prototyping of locomotion
strategies rather than in-depth stress analysis, but remains a valuable tool in approximating
the behavior of the system. Many simulation models presented in the literature make use
of mass lumping or similar simplifications in order to generate reduced-order models for the
dynamics of the tensegrity. Of these simulation models, the lumped mass model remains one
of the most common types for its relatively quick setup and moderately accurate results. It
is presented especially well in [62|, and is briefly summarized with additional considerations
for the six-bar tensegrity structure below.
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Consider a six-bar tensegrity structure represented by twelve lumped mass nodes (two
per rod, located at the ends). The kinematics of each node in three-dimensional space can
be represented by a set of three 3 x 1 vectors for position n;, velocity n;, and acceleration
n;, which can be appended into a corresponding set of three 36 x 1 vectors to parameterize
the entire structure.

It is beneficial to first orient the structure such that the bars are aligned with the Cartesian
coordinate axes, as seen previously in Fig. 2.1. This allows for the node coordinates to be
readily located based on the tensegrity’s design parameters (the values for the node positions
will all be permutations of O,%, and %) Rotation matrices can then be applied to re-
orient the structure into the desired landing position. To simulate a drop test the initial
conditions must be set. The node positions can be offset by the desired z-height, and the
initial velocity vector can have a nonzero z-component or even have randomized linear and
rotational velocity components for a truly unpredictable impact.

The nodal accelerations are solved using

h=M"'(fp —f) (3.4)

where M is the lumped mass matrix and fz and f; are the external and internal forces
on the system, respectively. The lumped mass matrix assumes that the mass of the rods
and cables are evenly split between their two respective end nodes. Given a 24 x 1 vector of
string masses mg and a 6 x 1 vector of bar masses my, the lumped mass matrix M is defined
as

M=1h®]I; (3.5)

where m is the diagonal matrix formed from the node mass vector m:

1 1

C; and G, are the string and bar connectivity matrices commonly used in the literature
to succinctly define the members of a tensegrity structure and map the individual nodes
into bars and cables. The string connectivity matrix is 24 x 12, with rows representing the
strings and the columns representing the nodes, while similarly the bar connectivity matrix
is 6 x 12. The entries for a single row of either connectivity matrix indicate which nodes
form the string or bar in question. In this row, the column values are 1 at the start node
column index, —1 at the end node column index, and zero elsewhere. For example, if the
nodes of the tensegrity are numbered by the designer such that Bar 4 is formed by Nodes 7
and 8, then the fourth row of the bar connectivity matrix is a 1 x 12 zero vector with a 1 as
the 7 entry and a —1 as the 8" entry.

fr encapsulates the external effects of gravitational acceleration, ground reaction, and
friction. External forces on each node can be calculated using conditional switch conditions
that check if the node is in contact and moving relative to the ground, and calculating the
relevant forces using first principles. Then, the nodal vectors can be assembled into the
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global external force vector necessary for the kinematic solution. The internal force f; is
given by

fr=(C; @ L)f, + (Cy @ L), (3.7)

where f; and f, are the string and bar forces found by calculating stress and strain
parameters using n, n, and the given material properties. Finally, solving n gives the
complete kinematic information of the nodes at the current time. A time-stepping method
of choice can then be used to march the simulation forward and repeat the solution process
for the next timestep. The MATLAB lumped mass model was used in a similar manner
as the high-level first-pass design equations presented in Chapter 2, namely to give enough
confidence that critical design thresholds were not overly exceeded during impact. However,
they were not able to accurately predict the peak impact accelerations across a rigorous
array of drop test experimental conditions.

Improving the accuracy of drop test simulation models inherently comes at a tradeoff of
complexity and computational cost. Even a minor modification to the geometry of the simu-
lated parts can result in drastic differences in the impact response [63]. Nevertheless, a new
simulation and testing framework using ANSYS Explicit Dynamics STR was collaboratively
built by the BEST Lab. The ANSYS 15.0 LS-DYNA software focuses on the structure of
the test model, including internal force and bending moments. Its core competency lies in
highly nonlinear transient dynamic finite element analysis (FEA) using explicit time integra-
tion. Thus, it is highly suitable to simulate the tensegrity structures, modeled with explicit
3D beam units and catenary units as rods and cables. Therefore, LS-DYNA is a better
impact simulation package choice for tensegrity drop test simulations compared to NTRT
and MATLAB. Fundamentally, the FEA model also approximates the tensegrity structure
with simplified geometries, but in a more complex manner than the lumped mass model to
capture the nuances of the dynamic behavior of the system.

The ANSYS 15.0 LS-DYNA Module is used to simulate the tensegrity structures under
different impact conditions. The simulation uses explicit 3-D beam elements (BEAM161) for
the rods, tension-only cables (LINK167) for the springs, and 3-D structural solids (SOLID164)
for the TPU endcaps and payload (Fig. 3.6). The endcap and payload geometry is reduced
to shape primitives with lumped mass approximations to represent the nuts, bolts, and wash-
ers inside. Furthermore, the rods and cables have their endpoints set at the center of each
endcap, the friction between components is assumed to be negligible, and other simulation
parameters are set to match the physical properties of the 22" stationary robot (Table 3.2).

In addition to the structural properties, the necessary constants and variables also include
motion conditions and gravitational acceleration. Given a drop height and zero initial veloc-
ity, the robot is simulated during free-fall and its impact response when it lands is measured
and recorded. The simulation results include the internal force, velocity, and acceleration of
each element. A primary metric of success is the acceleration experienced by the payload,
which measures how well it is protected by the structure during impact. A detailed discussion
of the drop test methodology, data collection, and metrics will be presented in the following
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Figure 3.6: ANSYS simulation model of the stationary robot tensegrity structure, credit to
Hao Hong

Parameter Rods Cables
Length (cm) A7 27
Young’s Modulus (GPa) 134 2.03
Density (kg/m?) 1500 300
Outer Diameter (cm) 1.45 (0.57 inch) 0.08
Inner Diameter (cm) 1.27 (0.50 inch) N/A

Table 3.2: Simulation parameters for stationary robot tensegrity structure

chapter. Furthermore, the internal rod bending, compressive stresses and spring tensions
can also be provided by the simulation model to compare with the estimates of the design
equations. The carbon fiber rods are safe from bending and compressive failure, and the
primary failure mode of the robot is generally accumulated damage of the springs over time.
Simulation results for a 20 m drop predict that the peak spring tensions are approximately
100 N, two times above the normal limit of the initial springs in use. This situation would
cause specific failure for the springs through plastic deformation, and the springs show the
same result from the experimental tests. Improving the spring stiffness during the iterative
hardware design process reduced the magnitude of the spring deformation and more than
doubled the drop cycle fatigue life of the structures in the current version of the stationary
robot.

The simulated motion of the structure during an impact has several key moments given
as a series of timeframes of the simulation. The time lapse represents the ideal landing
behavior of the structure when impacting on a closed face, with no random rotations during
free-fall that result in unpredictable bouncing upon impact. After the initial landing (Fig.
3.7A), it deforms upon impact and begins to compress towards the ground (Fig. 3.7B). At
its lowest point during the structural deformation, the payload contacts the ground slightly
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(Fig. 3.7C) before the structure begins bouncing back to its equilibrium state (Fig. 3.7D).

Figure 3.7: Impact motion of tensegrity structure for a 20 m drop in simulation model, credit
to Hao Hong

From the preliminary experiments of drop tests of the 22" robot at drop heights of up to
20 m, the payload appears well protected with the maximum impact acceleration that occurs
during the initial impact remaining below 250 g (Fig. 3.8). In comparison, during the TT-
Dmeso drop test experiments the structure had its payload impact the ground and experience
over 200 g for a fall from only 10 m, again indicating improved payload protection of the new
structure. As previously mentioned, a detailed discussion of the drop test methodology, data
collection, and metrics will be presented in the following chapter. The first round of low-
altitude drop tests are primarily used to gauge the effectiveness of the simulation models as a
design tool before rigorously iterating and testing tensegrity robot prototypes with increased
impact capabilities.

Sample results are plotted together to evaluate the overall fit. Comparing the simu-
lation results to the experimental data, it is apparent that there are certain discrepancies
between the two. The simulation underestimates peak acceleration for lower drop heights
(parameterized by the impact velocities) but then sharply increases to overestimate the peak
acceleration at higher drops. The difference is likely due to the non-ideal landing conditions
in experiment. The robot is consistently dropped such that it will land on a closed face of
the structure. In simulation, the deformation of the structure in this ideal landing orien-
tation prevents the payload from colliding with the rods or the ground for drops below 15
m. However, the landing orientation during experimentation is not fully controllable since
minor variations in the initial conditions will lead to a wide variety of impact behavior. The
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Figure 3.8: Comparison of 22" robot ANSYS simulation to averaged clusters of drop test
experiment data

three rods of the closed face are not uniformly contacting the ground so the payload occa-
sionally comes into contact with the rods or the ground for 5 m or 10 m drops, resulting in
higher accelerations than in simulation. For 15 or 20 m drop simulations the impact forces
are high enough for the payload to make contact with the ground, and the drastic increase
in peak accelerations during element-on-element contact might be attributed to instabilities
in the simulation timestep, hourglass control, or approximations in the material model of
variable-infill 3D-printed TPU.

Nevertheless, data from selected drop tests indicate a strong potential for the simulation
model to align with experiment (Fig. 3.9). The peak payload acceleration shown from the
experimental data (blue line) maps to that of the simulation (red dotted line), and the two
values are virtually identical. The two plots have been normalized in time to align the
peak payload accelerations as a frame of reference. The smaller subsequent oscillations as
the structure settles back into a static state for both the experimental and simulated data
will vary depending on a number of random factors such as the ground conditions and the
tensegrity impact orientation, but the overall qualitative behavior is relatively consistent.

Since the Stationary Robots are intended to deploy from an aerial vehicle at heights of
20 m or more, these comparisons demonstrate that the ANSYS 15.0 LS-DYNA simulation
platform can provide an effective upper bound for maximum payload accelerations during
impact. Overall it is a reasonably accurate simulation environment for the tensegrity drops
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Figure 3.9: 22" robot 20 m drop test data comparison. Timescale normalized to align peak
payload accelerations.

in a real mission scenario. It can rapidly provide valuable information of repeated drop tests
by seamlessly changing simulation parameters. Designing the tensegrity to have safe limits
at this theoretical upper bound can contribute to the optimization of tensegrity designs
before beginning initial prototyping and experimental validation to provide tremendous cost
savings in the deployment of tensegrity landers.
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Chapter 4

Drop Test Experiments

4.1 Experimental Design

Drop test experiments were performed both to assess impact robustness of the tensegrity
lander designs as well as to further investigate the unique behavior of the three characteristic
landing orientations for the six-bar tensegrity structure [64]. In a similar workflow to drop
test experiments in the literature [65, 66], the test system was equipped with impact sensors
and camera video capture of the impact event was recorded. The sensors were placed inside
the payload to directly measure the impact on the most critical component of the real system
(Fig. 4.1). Two onboard accelerometers (an ADXL377 and an H3LIS331DL) monitored
impact acceleration data and were recorded at 1000 Hz. A BME280 barometer and pressure
sensor recorded data at 60 Hz and could be used to estimate falling velocity for sufficiently
high drops. A BNOO55 inertial measurement unit (IMU) logged an array of sensor fusion
data, including robot orientation, at 60 Hz. Video capture of the landing was used to
verify impact velocity and orientation for each test. Finally, all of the tensegrity landers
were qualitatively assessed through a post-impact damage inspection for the onset of failure
inside the hardware components.

Figure 4.1: Tensegrity lander drop test experiment sensor pod, opened to show electronics
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The tensegrity robots were evaluated in a va-
riety of drop test experiment scenarios. Fach
type of test had its own set of unique advantages
and disadvantages that, when combined, allowed
for a holistic understanding of the tensegrity lan-
ders’ performance in the context of a real mission
scenario.

Low-altitude drops of up to 22 m from the
Etcheverry Hall balcony on the UC Berkeley
campus were used for rapid tests at discretized
height intervals of approximately 5 m (Fig. 4.2).
This maximum possible drop height was enough
to obtain landing velocities that were adequately
close (within 10-15%) to terminal velocity. Due
to the controlled drop zone it was possible to ob-
tain close-up videos of the impact events. Ad-
ditionally, the drop zone was relatively well-
shielded from cross-winds so landing orientation
could be preserved as much as possible, based on
the drop orientation of the tensegrity just before
release. However, many drop test experiments
often suffer from a randomness in the landing
orientation that is caused by minor changes in
the initial conditions of the system’s exact posi-
tion and orientation before drop [67]. Neverthe-
less, sensor data and detailed video capture of
the impact were used to verify the correct land-
ing within a vicinity of the target landing orien-
tation. The large volume of drop tests sought to
capture a statistical distribution of impact data
that could be used to account for the randomness
of the landing that would be seen in a real deploy-
ment scenario outside of a controlled laboratory
environment.

To address the growing concern for potential
injury in the event of a tensegrity lander im-
pacting a human within a disaster area, the low-
altitude drop tests were also used to measure the
range of impact forces produced by the ground
collision. A LoadStar IMF-RAP3-750M-10KHz-
XL force plate with a 7342 N (1650 1bf) capacity
logged data at a rate of up to 10 kHz (Fig. 4.3).

35

B

Figure 4.2: Timelapse images of tenseg-
rity lander drop test from Etcheverry Hall
balcony
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Due to the limited contact area of the force plate, such experiments were limited to low-
altitude drops where the landing area could be more accurately contained. A plywood board
was attached to the plate to expand the impact area for ease of use even in this controlled
environment. The measurements were then recalibrated to account for the additional mo-
ments measured at the farthest extents of the board. 10% ballistics gel was considered as a
material to simulate the human torso and the force plate would measure a proxy force on
the skeleton, since ballistics gel replicates flesh well but does not account for bones and other
parts of the human body. The results could be compared with known blunt ballistic force
corridors [68, 69], but the literature focuses primarily on small projectile impact and the use
of ballistics gel as a model for tensegrity lander impact might be limited. On the other hand,
stricter and more critical safety thresholds exist for the human head and the collision with
the rigid force plate can be used as a direct model for the impact with a human skull, fol-
lowing the methods in [2, 70]. In particular, using the reference to the United States Federal
Motor Vehicle Safety Standards gives Head Injury Criterion that are extremely accurate for
narrow range of impact durations [71|. For example, the skull fracture criteria, nominally
5500 N at 124 g, has greater accuracy at lower impact durations. A lower value of 3100
N is given for neck shear, but there is no reference acceleration limit provided. In general,
high impact forces can only be sustained over short periods of time, and conversely if the
impact window widens the allowable force in this time must decrease. The force plate drop
test experiments will characterize the tensegrity landers’ impact forces within this space and
evaluate its safety when dropped in a human-populated area.

Figure 4.3: Tensegrity lander force plate experiment setup
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Moderate-altitude drops of up to 122 m (400 ft, the highest drop legally allowed from a
drone due to FAA regulations) from a DJI Matrice 600 drone were used primarily to simulate
a real deployment scenario for the tensegrity sensor platforms (Fig. 4.4). The drone was
augmented with a cable release mechanism that was used to deploy the robot automatically.
The additional drop height was useful in producing true terminal velocity landings, although
the tests had a significantly slower turnaround time compared to the low-altitude tests.
Furthermore, it proved logistically impossible to control the landing orientation and obtain
close-up video footage of substantial drops of over 50 m from the drone due to drone flight
safety regulations and the inability to precisely target drop locations due to conditions such
as prevailing wind.

Figure 4.4: Drone drop test of tensegrity lander

Finally, high-altitude drops of 183 m (600 ft) from a helicopter as well as drops of over 305
m (1000 ft) from a Short SC.7 Skyvan fixed-wing aircraft were used to simulate long-range
deployment scenarios that the smaller drone flight ranges would not be able to achieve (Fig.
4.5). Larger tensegrity structures that would not fit underneath the drone’s cable release
mechanism could be drop tested in this manner. The longer drop times enabled the tests to
capture the overall drift behavior of the landers in the presence of cross-winds and evaluate
the performance limits of the sensors and wireless communication protocol. However, it had
the same limitations of drone drop tests in that the drop zone could not be reliably controlled
and video capture of the impact could not be obtained due to safety concerns. Nevertheless,
these are the highest altitude drop tests performed on a tensegrity structure to date and
serve to emphasize the innovative uses of tensegrity structures for payload protection.
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Figure 4.5: Tensegrity landers in plane cargo hold in preparation for high-altitude drop tests

4.2 Results

The drop test experiment results of the tensegrity lander prototypes indicate the impact
protection provided to the sensor payload by the external tensegrity structure. The ac-
celerometer readings from all experiments compare favorably against reference drop tests of
a standalone payload without a tensegrity structure (Table 4.1). All tests remained within
the 500 g safety threshold required during deployment for the payload electronics to survive
the landing impact [56]. The single payload is expected to exceed this limit at drops past 10
m, while the tensegrity structures are able to protect the sensors during high-altitude drops
where the landers reach terminal velocity.

Drop Height Impact Velocity (m/s) Average Peak
Acceleration (g)
1 4.30 121
9.79 392

Table 4.1: Drop test experiment results for single sensor payload without tensegrity structure

Each different size of the scaled tensegrity landers will first be discussed individually in
the following subsections, before aggregating the results and discussing the overall trends
between hardware design parameters and the impact response. Note that the 13" and 48"
structures were not rigorously tested in experiment, but they were useful in providing design
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insights into mass and size scaling for alternative tensegrity structures. The internal volume
of the 13" was relatively small compared to the drop test sensor payload, raising concerns
that the payload would be guaranteed to collide with the rods even at low impact velocities
and provide biased experimental data. However, it may still be considered for delivery of
small, critical payloads in certain scenarios in the future where the small structure can be
advantageous, such as emergency medicine being delivered by a small, fast, and lightweight
drone-tensegrity system. On the other size limit, the 48" structure was deemed too large to
be effectively carried by the drone for any type of moderate-altitude drops and took up a
disproportionate amount of valuable plane cargo space for the high-altitude drops. Even for
low-altitude drops, the large structure was unwieldly and difficult to move efficiently through
the Etcheverry Hall balcony doorways, so only a few tests were performed to characterize the
effects of increasing the spherical radius. As future designs of tensegrity landers introduce
options to increase packing and transportation efficiency of larger-scale structures, different
variations of the 48" structure will be tested to provide the necessary data in this unexplored
region of design parameters.

22 Inch Robot

Multiple types of the 22" robot were developed to address various needs across mission
scenarios (Table 4.2). Across all robot designs, the main hardware parameters that were
tuned were the bounding radius, payload mass, interior and exterior spring stiffness, as well
as any special design modifications for additional functionality.

Robot Number Description Mass (kg) Int/Ext Spring
(N/m)
22-1 Standard 1.103 740/520
22-2 Heavier Payload 1.253 740/520
22-3 Asymmetric 1 1.271 740/520
22-4 Asymmetric 2 1.439 740/520
22-5 Stiffer Asymm 2 2.066 1320/1150
22-6 Stiffer Asymm 2 1.441 1030/520
22-7 Asymmetric 3 1.607 740/520
22-8 Rod Asymm 2 1.343 1320/520
22-9 Rod Int Spring 1.240 740/520

Table 4.2: Outline of 22" robot design parameters

Starting from the base design of the stationary robot platform, labeled as 22-1, the
payload mass was increased to test the carrying capacity of the tensegrity lander in 22-2.
Types 22-3 through 22-8 were iterative designs of an asymmetrically-weighted robot that was
able to control its impact and final resting orientation during a drop event. These designs
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will be discussed in greater detail in the following chapter. Finally, type 22-9 introduced
a new payload cable routing system to mitigate payload motion during the double rod
impact orientation. While the design was successful in greatly reducing the peak payload
acceleration, the assembly process was overly complex and did not easily allow for removal of
the payload for rapid replacement during user operation. Greater emphasis was placed on the
reorientation control which could serve dual functions in both mitigating impact by avoiding
the double rod landing as well as providing guaranteed positioning of orientation-dependent
sensor payloads.

Based on accelerometer readings from the central payload and velocity data from video
capture for the low altitude drop tests (Table 4.3), the initial characterization of the standard
stationary robot (22-1) compares favorably against the data from previous generations.

Drop Height

Average Impact
Velocity (m/s)

Average Peak Payload
Acceleration (g)

5 9.16 116
10 11.8 155
20 14.3 235

Table 4.3: Low-altitude drop test results for 22" standard Squishy Robotics stationary robot

Notably, the 10 m drop of the 22" robot had a very similar impact velocity with the 10
m drop of the TT-5,,.s which impacted at 11.7 m/s and resulted in substantial failures.
This clearly demonstrated the improved structural integrity provided by the new hardware
design. While previous iterations of the robot leading up to the 22-1 design will not be
discussed for brevity, it is worth noting several interesting observations that were made
during the iterative design process. First, the twelve interior springs and central payload
add a substantial amount of rigidity to the structure and play a critical role in impact
protection. A previous version of the structure had & = 520 N/m springs for both the
interior and exterior springs, and a substantial improvement was measured when the interior
springs were switched to the current stiffer & = 740 N/m springs. Compared to other
elastic materials such as silicone rubber or latex elastomers, the stiffer interior elements
significantly reduce the severity with which the payload will collide with the rods or the
ground during high-speed impacts. Furthermore, increasing the spring stiffness on all cables
resulted in fewer failures through spring deformation. Though it is still common for springs
to deform slightly after each drop, the amount of plastic strain was within the scope of the
design equations and much lower compared to previous iterations, effectively doubling the
operational life of the tensegrity structure to approximately twenty drops before requiring
replacement springs. Overall, the new stationary system prototype (22-1) performed much
better in the drop tests than the previous generations of the robot due to the lighter weight,
stronger carbon fiber tubes, stiffer springs, and more robust endcap, cable connector, and
payload capsule designs. At higher drop heights, there are far fewer catastrophic failures
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involving the cables or endcaps breaking, and the payload itself is well-protected from any
direct impact with the ground. Other iterations of the 22" structure discussed in this section
were designed using this type of robot as a ground baseline to further explore the impact
limits of the structure.

As the tensegrity landers were first being considered for emergency response deployment
in unknown environments, it became imperative to quantify the risks for human injury in
the event that a lander impacted a victim within the disaster area. Low-altitude tests of
the 22" robot in random orientations gathered a range of impact data from the force plate
measurement system and indicated that the robot does not have enough impact force to
cause severe injuries such as skull fracture or neck shear (Fig. 4.6).

Diﬁribution of Peak Landing forces, 22" robot 22 m drop tests

0 500 1000 1500 2000 2500 3000
Peak Impact Force, N

Figure 4.6: Impact force distribution for low-altitude drop tests of 22" robot

The impact forces are safe from the critical threshold for skull fracture, 5500 N, but
come close to exceeding the limits for neck shear, 3100 N. The impact must also consider
the peak acceleration, and the human limits are given in the literature as 124 g at short
duration impacts from car crashes, which are typically on the order of 100-200 ms. In the
realm of evaluating human safety factors for impact, it is critical to consider both peak
acceleration and the duration of impact. Generally, high loads can only be sustained over
short durations, while a constant load over time must be controlled to have a much smaller
peak value. In the case of the tensegrity lander, the impact of the 22" robot has both a
lower load and a shorter duration and so they theoretically will not cause levels of injury
such as skull fracture. Due to the nature of the experimental setup, larger radius robots are
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not able to be tested for impact force measurements. Furthermore, heavier payload masses
would naturally scale the impact force higher and risk the onset of neck shear, but this can
be avoided by recognizing the different use cases of tensegrity landers. It is intended for the
standard lightweight tensegrity robot to be deployed into critical disaster zones with human
victims for rapid search-and-rescue, while structures with heavier payloads can be used to
carry multiple sensor packages into remote areas after humans have initially evacuated such
as in the event of a chemical spill.

Plots of the complete spectrum of drop test data for 22" robots provide multiple design
insights into the scaling behavior of the tensegrity landers (Fig. 4.7 and 4.8). As expected
from an intuitive perspective of impact and shock protection, an increase in drop height or
total mass results in a higher measured peak payload acceleration. However, it should be
noted that the robot effectively reaches terminal velocity within 25 to 30 m and the peak
accelerations should begin to plateau around a certain range of values for a given design of
a robot.

Drop Test Data Range for 22" Robots
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Figure 4.7: 22" robot aggregated drop test results, acceleration versus drop height
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However, the aggregated plots of all data have many confounding variables within the
design parameters of the robot. Examining the robot designs that vary one parameter while
holding all others constant reveals a stronger correlation for these trends (Fig. 4.9 and 4.10).
In both of these plots, the black markers indicate the base design of 22-1 while the colored
markers track the effects of the designs with increased mass. The asymmetrically-weighted
robots required testing at moderate-altitudes to characterize their in-air self-righting behav-
ior, but the trend in the data indicates that even at 20 m drops the additional weights would
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result in higher peak payload accelerations than the base design.
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Figure 4.9: Drop test results of 22" robot with increased payload mass. Black: initial design,
colors: increased payload weight
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Finally, sorting the low-altitude drop test data by landing orientation agrees with the
results found by the force plate impact tests to characterize the mass-spring-damper model
(Fig. 4.11). The double rod landing orientation on average trends higher than the other
two. However, the closed face and open face data experiences a substantial amount of overlap
especially at higher impact velocities. This is due to the unpredictable nature of the drop
and how minor variations of initial drop conditions greatly affect the landing orientation
and the impact response. While it is beneficial to consider the closed face as the optimal
landing orientation based on the force plate results, in which the landing orientation was
precisely and easily controlled for a 1.5 m drop, in practice most landing impacts will be
within the open face regime, as seen in the acceleration profiles for a set of closed face drops
normalized in time to align the peak accelerations (Fig. 4.12). While some profiles are wider
and have lower peaks, as expected for the closed face orientation, another subset behave
more similarly to the open face profiles characterized by the force plate (Fig. 3.3). Consider
how the structure nominally impacting on a closed face might have a slight rotation relative
to the ground, or the ground could be an uneven surface as well. In this case, the rods begin
to impact at a higher angle that aligns the impact force along the compression direction of
the rods, which reduces the compressive response of the structure as its behavior starts to
mirror that of the double rod landing.

22" Robot Low-altitude Drop Tests
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Figure 4.11: Low-altitude drop test results of 22" robot
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2502_2" Robot 22 m Closed Face Drop Test Impact Profiles
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Figure 4.12: Low-altitude closed face drop test acceleration profiles of 22" robot

30" Robot

Similarly, multiple types of the 30" robot were developed to address various needs across
mission scenarios (Table 4.4). The 30" robots were also considered for the asymmetrically-
weighted designs and were also used to explore the deployment of increasingly massive pay-
loads. The spring selection for each iteration was based on the design equations presented
in Chapter 2 as well as qualitative insights from experimental testing.

Plots of the complete spectrum of drop test data for 30" robots provide additional vali-
dation for the design insights into the scaling behavior of the tensegrity landers (Fig. 4.13
and 4.14). Note that all high-altitude drops were clustered at 100 m due to lack of data on
cargo plane flight altitude, but this should not affect the scaling results because the robots
are at terminal velocity at any drop heights in this range.

In the same methodology as for the 22" robot, examining the 30" robot designs that vary
one parameter while holding all others constant reveals a stronger correlation for the mass
scaling trend (Fig. 4.15 and 4.16). In both of these plots, the black markers indicate the
base design of 30-1 while the colored markers track the effects of the designs with increased
mass.
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Robot Number Description Mass (kg) Int /Ext Spring

(N/m)
30-1 Standard 1.320 740/520
30-2 Light 1.139 520/520
30-3 Heavier Payload 1.470 740/520
30-4 Heavier Payload 1.289 520,520
30-5 Asymmetric 2 1.470 1030/520
30-6 Asymmetric 3 2.360 860/860
30-7 Heavy Payload 1.745 620/320
30-8 Heavy Payload 3.735 1150/320

Table 4.4: Outline of 30" robot design parameters
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Figure 4.14: 30"

Figure 4.15: Drop test results of 30" robot with increased payload mass.
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Adding Asymmetric Weight for 30" Robots
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Figure 4.16: Drop test results of 30" robot with asymmetric weighting. Black: initial design,
colors: with asymmetric weight

38" Robot

Again, multiple types of the 38" robot were developed to address various needs across mis-
sion scenarios (Table 4.5). The 38" robots were considered for the asymmetrically-weighted
designs but primarily used to explore the deployment of increasingly massive payloads. The
heaviest version, 38-8, was capable of carrying a 5 1b. payload at high-altitude drops. 38-9
was a tuned version of the structure based on the results of reorientation control, and will be
discussed in greater detail in the next chapter. Its major accomplishment was a reduction in
total mass and peak payload acceleration, for a heavy 38" robot carrying the same payload
mass.

Plots of the complete spectrum of drop test data for 38" robots provide additional vali-
dation for the design insights into the scaling behavior of the tensegrity landers (Fig. 4.17
and 4.18).

Adding asymmetric weight while holding all other design variables constant reveals a
stronger correlation for the mass scaling trend (Fig. 4.19 and 4.20). In both of these plots,
the black markers indicate the base design while the colored markers track the effects of the
designs with increased mass.
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Robot Number Description Mass (kg) Int /Ext Spring
(N/m)
38-1 Standard 1.365 740/520
38-2 Asymmetric 2 1.745 740/520
38-3 Asymmetric 3 2.145 860/520
38-4 Heavy Payload 5.080 1420/620
38-5 Heavy Payload 5.104 1420/590
38-6 Heavy Payload 4.715 1790/1420
38-7 Heavy Payload 5.043 1790/1420
38-8 Heavy Payload 5.814 1790/1420
38-9 Tuned Springs 5.375 1790/1940

Table 4.5: Outline of 38" robot design parameters

Drop Test Data Range for 38" Robots
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Figure 4.17: 38" robot aggregated drop test results, acceleration versus drop height
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Drop Test Data Range for 38" Robots
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Figure 4.18: 38" robot aggregated drop test results, acceleration versus total mass

Increasing Payload Weight for 38" Robots
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Figure 4.19: Drop test results of 38" robot with increased payload mass. Black: initial
design, colors: increased payload weight
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Adding Asymmetric Weight for 38" Robots
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Figure 4.20: Drop test results of 38" robot with asymmetric weighting. Black: initial design,
colors: with asymmetric weight

48" Robot

Only one type of the 48" robot was built and tested due to the size limitation concerns
outlined previously (Table 4.6). This design was useful to characterize the effects of increasing
the spherical radius, but further work is needed to develop heavier structures at this scale.

Robot Number Description Mass (kg) Int /Ext Spring
(N/m)
48-1 Standard 1.455 740/520

Table 4.6: Outline of 48" robot design parameters

Plots of the drop test data for the 48" robot provides additional validation for the design
insights into the scaling behavior of the tensegrity landers (Fig. 4.21 and 4.22).
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Figure 4.21: 48" robot aggregated drop test results, acceleration versus drop height
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Figure 4.22: 48" robot aggregated drop test results, acceleration versus total mass
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4.3 Empirical Scaling Laws

Considering now the impact behavior of the tensegrity structure across all designs, the same
intuitive trends begin to emerge from the experimental data. Specifically, the increase in
radius was correlated with a decrease in the peak acceleration due to the additional stopping
distance provided by the structure, much like an airbag would perform during a vehicle
collision (Fig. 4.23). This pattern is clearest when comparing the 22" (blue) and 30"
(orange) robots of matching design (denoted by the + marker) in the 40-60 m range of drop
heights. All other factors being equal, the cluster of data for the 30" robot has a clear
difference from that of the 22" even when accounting for randomness of impact orientation.
Increasing the stiffness of the springs was also shown to improve the impact performance
(Fig. 4.24), with a change in the interior spring having a pronounced effect on the peak
acceleration of the payload as previously discussed.

Increasing Radius of Robots
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Figure 4.23: Effects of increasing radius on impact performance. Marker styles indicate
matching designs across scales.
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Increasing Stiffness of Robots
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Figure 4.24: Effects of increasing stiffness on impact performance. Black: initial design,
colors: improved stiffness, marker style: matching designs

Since the aggregated drop test results contain multiple variables that all affect the im-
pact response of the structure, the acceleration data was then fit against two variables to
investigate the correlation between them and propose empirical scaling laws that interpolate
and predict performance metrics for new designs |72, 73]. With peak payload acceleration
as the output parameter, drop height is a primary independent variable that must almost
always be considered, so the polynomial surface fits compares it to total mass (Fig. 4.25),
interior spring stiffness (Fig. 4.26), exterior spring stiffness (Fig. 4.27), and average spring
stiffness (Fig. 4.28). The resulting polynomial surfaces are adjusted to be within the convex
hull of the drop test data and therefore represent conservative boundaries for safe lander de-
sign since all data points represent a successful drop test of a particular tensegrity structure.
The fit equations can be used to rapidly and efficiently evaluate the effects of new design
parameters on the impact performance of the structure.
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Polynomial Surface Fit of Aggregated Drop Test Data
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Figure 4.25: Polynomial surface fit of aggregated drop test data: peak acceleration as a
function of total mass and drop height

The polynomial surface fit of acceleration a as a function of mass m and drop height h
is given by

a(m, h) = co + c1m + coh + csm? + cymh + csh? (4.1)
with fit parameters listed in Table 4.7.

Surface Fit Parameter Value
Co 300.3
) 117.1
Co 205.2
C3 21.9
Cy 134.5
Cs -52.7
R? 0.588

Table 4.7: Polynomial surface fit constants: peak acceleration as a function of total mass
and drop height
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Polynomial Surface Fit of Aggregated Drop Test Data
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Figure 4.26: Polynomial surface fit of aggregated drop test data: peak acceleration as a
function of interior spring stiffness and drop height

The polynomial surface fit of acceleration as a function of interior spring stiffness k;,;
and drop height is given by

a(king, ) = o+ Crkins + coh + c3k2,, 4 cakingh + csh® 4 coky , + crki b+ cgkingh® + coh?® (4.2)

with fit parameters listed in Table 4.8.

Surface Fit Parameter Value
Co 285.7
C1 -3.1
Co 104.9
c3 -12.9
C4 38.8
Cs -79.1
Co 63.5
cr 99.9
Cg 80.1
Cg 30.2
R? 0.5544

Table 4.8: Polynomial surface fit constants: peak acceleration as a function of interior spring
stiffness and drop height
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Polynomial Surface Fit of Aggregated Drop Test Data
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Figure 4.27: Polynomial surface fit of aggregated drop test data: peak acceleration as a
function of exterior spring stiffness and drop height

The polynomial surface fit of acceleration as a function of exterior spring stiffness k..,
and drop height is given by

a(kemtah) :CO+Clkext+02h+C3k3ﬁ+C4kezth+05h2+cﬁk3 +C7k2 h+08k3xth2+09h3 (43)

ext ext

with fit parameters listed in Table 4.9.

Surface Fit Parameter Value
Co 253.9
c1 56.7
Co 109.8
c3 33.5
C4 36.3
Cs -77.6
Cg -8.8
Cr -0.55
Cg -0.51
Cy 14.7
R? 0.4779

Table 4.9: Polynomial surface fit constants: peak acceleration as a function of exterior spring
stiffness and drop height



CHAPTER 4. DROP TEST EXPERIMENTS 99

Polynomial Surface Fit of Aggregated Drop Test Data
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Figure 4.28: Polynomial surface fit of aggregated drop test data: peak acceleration as a
function of average spring stiffness and drop height

The polynomial surface fit of acceleration as a function of average spring stiffness kg,
and drop height is given by

a(kavg,h) :CO+Clkavg+C2h+03kzvg—|—C4]€avgh+65h2+CGI€3 +C7k2 h+68kavgh2+08h3 (44)

avg avg

with fit parameters listed in Table 4.10.

Surface Fit Parameter Value
Co 326.7
C1 76.4
Co 132.0
c3 -42.5
Cy 15.9
Cs -120.7
Cg 12.9
Cr 3.2
cs 12.8
Cy 29.1
R? 0.5427

Table 4.10: Polynomial surface fit constants: peak acceleration as a function of average
spring stiffness and drop height
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Each surface fit behaves remarkably similarly in terms of qualitative shape as well as the
numerical fit constants and goodness-of-fit, potentially indicating that the design parameters
carry relatively equal weight on the final impact performance of the structure. Evaluating
proposed design parameters along this series of surface curves can be a rapid and methodi-
cal approach to quickly determine the viability of a new tensegrity lander. However, some
caution must be exercised when using simple polynomial surface fits which are limited to
low order approximations and are unable to create a fully generalized surface model over a
wide domain. For the drop test data, the surface fits are unable to capture the plateauing
of the peak acceleration after terminal velocity is reached but the correct initial increase is
observed. Furthermore, there are gaps in the independent variables that were not systemat-
ically tested in the tensegrity lander design process. This was due to mission constraints of
required payload mass for certain objectives and the corresponding subset of available spring
stiffnesses that could support the impact energy requirements of the heavier payload. The
surface fit naturally loses accuracy as it models the impact behavior over an untested range
of design parameters. Filling in the gaps of the model with finer resolution design changes
would address this challenge and provide an accurate point cloud of drop test results for
precisely defined scaling laws in the future.
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Chapter 5

Landing Orientation Control

5.1 Motivation

While parachutes are the conventional approach for airdrop operations, “the process of de-
rigging the parachute on landing has historically been a manual task” [74]. This poses a
challenge for autonomous deployment of ground-based sensors that cannot be obscured by
parachutes since parachutes may become tangled over the payload upon landing and often
require manual de-rigging in these situations. Additionally, ground-based sensors often must
be placed in required orientations (e.g., to ensure that cameras are pointed horizontally and
that antennas are pointed toward the sky). Such emplacement requirements pose additional
constraints on autonomous deployment, as the payload must come to rest in the correct
orientation after landing without an operator manually adjusting the sensor position.

In addition to the impact-resilient proper-
ties previously discussed, tensegrity structures
have a set of unique characteristics that make
them especially ideal for the autonomous deploy-
ment of orientation-dependent sensors. Com-
pared to a payload with parachutes and con-
sumable decelerator material, tensegrities may
have a greater potential to be rapidly, accu-
rately, and autonomously deployed to a target
location. They fall at higher velocities with a re-
duced visual signature and less lateral drift. The
lightweight exterior structure provides minimal
obstruction to visual sensors (Fig. 5.1). The
tensegrity structures also act as their own impact
decelerators and can be efficiently reused through Figure 5.1: View from one of the six cam-
multiple drops to reduce preparation time and ©ras on the tensegrity robot

material waste between deployments.
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The ability to guarantee orientation of the payload is a required functionality “to ensure
the device is oriented such that any antennas may be pointing upward, or other sensor
features are within their respective planes of operation” |74]. This requirement presents a
challenge for a tensegrity-based system because a tensegrity typically absorbs energy using
passive compliance and bounces several times upon landing. The exact result of this bouncing
motion has been extremely difficult to predict and is sensitive to impact conditions, but based
on the previous drop test experiments the closed face landing was identified as the most stable
orientation for both payload protection and structural motion.

Several different active (i.e., powered) and passive options to achieve self-righting were
considered prior to this work. Active solutions |24, 75] were disfavored as it was determined
that the necessary actuators to guarantee orientation using a locomotion-based approach
after landing led to an unreasonably large weight addition from motors, batteries, and other
electronics that could be better applied to passive solutions and increased payload capacity.

5.2 Asymmetrically-Weighted Structure

Modeling and Design

Passive self-righting solutions were first explored by attaching shaft collars on selected rods
(Fig. 5.2). The advantage of this approach was that it did not require significant redesign of
the tensegrity structure. Overall, this asymmetrically-weighted tensegrity structure behaved
like a loaded dice |76] such that the tensegrity would preferentially roll towards a particular
face during the impact process.

Figure 5.2: 38" tensegrity robot with asymmetric weights (circled). Target orientation is the
closed face defined by the weighted nodes.
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A physics-based rotational dynamics
model was implemented in MATLAB
to predict the oscillation time of an
asymmetrically-weighted robot. The sys-
tem was approximated as a rigid, damped,
compound pendulum with the asymmetric
weights summed at their average position
relative to the center of rotation. The
robot’s moment of inertia was calculated
from a SOLIDWORKS model (Fig. 5.3).

Simulation results of the self-righting
robots indicated that the robot would have
adequate time to correctly reorient itself in
midair before landing on the ground, regard-
less of initial conditions (Fig. 5.4). The ad-

v/l

a)

Figure 5.3: 38" robot SOLIDWORKS model
(left) and asymmetrically-weighted prototype
(right)

dition of further weights also aids tremendously by rolling the structure to its target face
after it has finished bouncing. Various amounts of weight were tested in experiment to in-
vestigate tradeoffs between the reorientation benefits and the increased impact force due to

additional weights.
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Figure 5.4: Simulated orientation data for an asymmetrically-weighted robot in free-fall.

Target orientation is at zero degrees.
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Taking into consideration that the robot will have subsequent bounces after its initial
impact, the oscillation time was chosen to be on the same order as the timeframe of a single
bounce such that the final landing position maintains the correct orientation. Given that
bounces last approximately 1 s as observed in previous experimental data and assuming that
the robot does not deviate more than 150° from the target orientation, the weights could
be chosen for an oscillation period of at most 4 s or a quarter cycle of 1 s. Another major
factor in the self-righting behavior was that the robot only needed to land within a sufficient
margin from the target face so that the asymmetric weights would still cause the robot to
preferentially roll to the target face after the final bounce. If the robot landed and came to
a temporary rest one or two faces away from the target face, then the weights could also
passively induce a correcting rotation. In this way, the orientation control had additional
safeguards against the erratic and highly dynamic post-impact bouncing behavior.

The tensegrity structure required slight
design modifications to account for the ad-
dition of the shaft collars. First, a protec-
tive TPU cover was placed over each shaft
collar since sharp burrs could build up over
repeated impacts with the ground and pose
a cutting hazard to the structure’s cables. In
an unmodified tensegrity, the addition of a
large, rigid mass in the form of shaft collars
on the end of a comparatively thin carbon
fiber rod can lead to rod breakage on im-
pact. The wall thickness of the carbon fiber
rods was increased, and the aluminum insert
within each rod’s endcap was lengthened in
response (Fig. 5.5). The goal was to prevent rod fracture from the additional weight of
the shaft collars as well as the stress concentration at the clamped surface. A conservative
static stress analysis predicted that the stress was reduced by 13% when considering the
total weight of the assembly acting on a single cross-sectional area of the rod. The reduc-
tion in the rod’s peak impact stress resulting from these design decisions was validated in
an impact simulation solved in ANSYS LS-Dyna. A simplified drop test simulated a single
rod assembly impacting the ground diagonally at a typical landing speed of 15 m/s. The
effects of cables and other rods during impact was ignored due to the negligible magnitude
compared to the direct impact with the ground as well as to reduce computational cost. The
peak equivalent (von-Mises) stress was reported to be 4.14E8 Pa compared to 5.35E8 Pa for
an unmodified rod carrying asymmetric weights, or a 22.6% reduction (Fig. 5.6). This is
lower than the nominal max equivalent stress of single strand carbon fiber specified by the
manufacturer, 4.45E8 Pa. While the exact strength of the overall rod is is unspecified and
depends heavily upon the particular weave of the carbon fiber layers, it is assumed that it is
at least greater than that of the single strand carbon fiber and less than the simulated value
that resulted in rod fractures during corresponding experiments.

Figure 5.5: Comparison of rod inserts. From
left to right: shaft collars, carbon fiber rod,
lengthened insert, standard insert.
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Figure 5.6: ANSYS impact simulation of a single asymmetrically-weighted rod

Drop Test Experiments

The self-righting tensegrity landers were tested in two different ways: high-altitude drops
from a drone (up to 122 m) or cargo plane (over 300 m) to observe the in-air reorientation
control and settling time, and low-altitude drops from a building (22 m) to better char-
acterize the post-impact bouncing. For each test, the starting orientation was randomized
to mimic the free-fall tumble experienced when deployed from a cargo plane. Two onboard
sensors, a 400g-rated accelerometer and inertial measurement unit (IMU), logged the robot’s
acceleration and orientation, respectively. The orientation data was compared to the accel-
eration data as well as video capture of the drop to identify the orientation of the robot
both during impact and at its final resting state. The angular difference between the ex-
perimental IMU gravity vector and the calibrated reading when resting on the target face
was used to quantify the orientation error. The experimental tests focused primarily on the
22" robot with some additional tests on scaled 30" and 38" robots carrying heavier payloads
(Table 5.1 and 5.2). The asymmetric weights for these larger robots were chosen to mimic
the oscillation time found on the 22" robot. Because of the larger mounting radii of the
weights on these larger robots, the total amount of added mass was quite similar to that on
the smaller robot. Also, note that larger robots were unable to be dropped by drone due to
weight capacity limitations.
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Robot Size (in.) Total Weight (1b.), Payload Weight (1b.)
before addition of
asymmetric weights

22 2.42 0.79
30 6.98 2.50
38 11.19 5.00

Table 5.1: Overview of asymmetrically-weighted robot prototypes

Robot Size Number of Building Drone Drops | Plane Drops
(in.) Weights Drops
3 (0.42 1b.) - 4 -
22 6 (0.85 1b.) 23 10
9 (1.27 1b.) - 3 -
6 3 - -
30 9 i i 3
6 10 - -
38 9 11 - 3
12 (1.69 1b.) 3 -

Table 5.2: Overview of drop test experiments for asymmetrically-weighted prototypes

Self-righting capability was first demonstrated on a 22" robot carrying a 0.79 Ib. payload.
Overall, this method of self-righting yielded the correct final orientation in more than 60%
of the 22" robot drop tests (Table 5.3). Orientation data from these low-altitude drop
tests confirmed that the asymmetric system was indeed oscillating according to the damped
pendulum model and that the oscillation period is within the design parameters specified
(Fig. 5.7). Note that the target orientation is at § = 0° and that any tilting of the structure
will result in a positive angular error measured by the IMU regardless of direction. A
successful landing is defined as one in which the preferred face is resting on the ground in
the robot’s final orientation. This constraint corresponds to an angular error of less than
15° from vertical, driven mostly by minor variations in ground surfaces. Average error is
calculated across all drop tests regardless of success. The vast majority (approximately
90%) of the tests resulted in the robot landing within one face of the target which is still
sufficient for satisfactory sensor operation. The next closest face of the tensegrity that it
can stably rest on has a surface normal 39.2° away from that of the target face, so any
measured deviations within 15° were considered as the correct orientation after confirming
with the recorded video. The success rate can be affected by the amount of asymmetric mass
that is added and was shown to be relatively robust to the presence of small obstacles (e.g.,
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rocks, non-level surfaces) in the drop zone as well as different ground materials (e.g., grass,

concrete) that provided varying bounce behavior depending on their coefficient of restitution.

However, the success rate was negatively impacted by larger obstacles (e.g., bushes, walls)
that could impede the robots’ reorientation if they collided during a bounce.

Number of Success Rate (%) Average Final Average Impact
Weights Error (°) Error (°)
3 66.7 60.0 19.6
6 77.8 15.7 19.6
9 66.7 25.0 44.4

Table 5.3: 22" robot drop combined test results for different asymmetric weights
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Figure 5.7: Representative low-altitude drop test data for 22" asymmetric robot with key
events labeled. From top: acceleration and angular position over time
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The self-righting design was then scaled for 30" and 38" robots carrying incrementally
larger payloads up to 5 1b. Aggregated results from low altitude drops indicated that these
robots had a similar rate of successful reorientation during the post-impact bouncing (Table
5.4), although the drop heights were not large enough to provide adequate time for the robot
to always reorient before landing. Due to logistical limitations in cargo plane drop tests,
each robot could only be tested a few times. Nevertheless, the 100% success rate in these
tests proved to be an extremely promising demonstration of the self-righting orientation
control when applied to a larger and heavier robot (Table 5.5, Fig. 5.8). It indicates that
the self-righting properties can be successful across different scales of tensegrity structures
with careful tuning of asymmetric weights.

Robot Size (in.) | Success Rate (%) Average Final Average Impact
Error (°) Error (°)
30 07.1 37.5 16.0
38 61.5 28.9 22.3

Table 5.4: 30" and 38" robot building drop test results across all asymmetric weights

Robot Size (in.) Test Final Error (°) Impact Error (°)
1 2.2 1.7
30 2 8.2 Data Shutoff
3 10.6 7.2
1 6.1 4.9
38 2 11.3 45.1

Table 5.5: 30" and 38" robot cargo plane drop test results, 9 asymmetric weights each
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Figure 5.8: 30" robot correctly oriented after cargo plane drop test

The sensor data from high-altitude drop tests provide a valuable perspective on the
unified in-air reorientation, settling, and post-impact bouncing for a single drop test (Fig.
5.9). The robot starts at rest in the cargo plane before being deployed. The sudden change
in air pressure causes it to begin tumbling as it falls, but it stabilizes approximately 8 seconds
into the drop which lasts approximately 25 seconds total. At impact there is a large peak in
acceleration followed by several seconds of subsequent bouncing and self-righting as shown
in the angular position subplot before the robot finally comes to rest. Overall, most of these
high-altitude tests successfully resulted in both a correct impact and landing orientation for
the self-righting robots.

As expected, the increased system mass from the asymmetric weights lead to an increased
but still acceptable terminal velocity and peak acceleration (i.e., remaining below a threshold
of 500 g). In particular, a 200% increase in asymmetrical weights on the 22" robot resulted
in only an 8% increase in peak acceleration while greatly improving the orientation error.
However, there was a noticeable decrease in the usable lifecycle (i.e., number of drops) for
the self-righting robots due to the accumulated wear on the structure cables and springs.
Therefore, there exists a tradeoff among payload mass, self-righting capabilities, and impact
attenuation that must be considered when designing robots for new payloads in the future
[77].
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Figure 5.9: 38" robot cargo plane drop test data with key events labeled. Target orientation
is at zero degrees. From top: acceleration, angular position, and altitude over time.

5.3 Badminton-Inspired Structure

Modeling and Design

While the asymmetrically-weighted solution was moderately successful in maintaining the
correct final sensor orientation, the design of a badminton-inspired self-righting tensegrity
lander was explored as a more reliable and mass-efficient solution to controlling sensor ori-
entation during deployment. The badminton birdie is characterized by its lightweight design
and its quick turnaround time after impact with a racket such that the structure is always
flying nose-first. By design, the center of mass (CoM) is separated from the center of pres-
sure (CoP) so that when the birdie is not aligned with its direction of travel, the drag force
on the center of pressure exerts a stabilizing torque on the structure to maintain alignment
with the flight trajectory [78-80]. Due to these unique self-righting properties, a badminton
tensegrity structure was considered as an alternative solution to the challenges associated
with deploying orientation-dependent sensors. Its lightweight design has the additional ben-
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efit of redistributing mass to avoid stress concentrations and material failure as seen in the
asymmetrically weighted solution.

A simplified rigid-body rotation model was used to predict the stabilizing behavior of the
structure during free-fall (Fig. 5.10). If it is falling with velocity v and is not aligned with
the direction of travel by an angular deviation # from the vertical axis, it will experience a
stabilizing drag force Fp acting at its CoP, located a distance | away from its CoM.

I“.‘"I‘I‘ g COP
;“" ﬂf
.“"f [
| 9
//L‘\-
/ o -
('/COM | \;, FD

Figure 5.10: Stabilizing force on falling badminton birdie when not aligned with the vertical
axis (dashed line)

At any given instant, the stabilizing torque 7, on the structure can be used to calculate
the angular acceleration « using

T, = Fplsinf = I« (5.1)

where [ is the rotational inertia of the structure. This angular acceleration can then be
used to solve for the time needed to rotate the structure back to its desired orientation using
standard rotational kinematic equations.

Several assumptions were made in the initial solution of this rotation model as a proof
of concept for the badminton tensegrity structure. The icosahedral tensegrity structure was
approximated by its circumscribed bounding sphere (13") and the attached cone had mass
and dimensions chosen to maintain the same aspect ratio as that of the badminton birdie.
The overall geometry was approximated as a long cylinder so that the drag coefficient and
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rotational inertia were known and tabulated values. The velocity was set to a constant
10 m/s, the CoM and CoP were assumed to be 1/3 and 2/3 along the total length as
measured from the end of the sphere, respectively, and the drag force and stabilizing torque
were calculated at § = 90° and assumed constant for the rotation process. With these
parameters, the rotational kinematic equation predicted a turnaround time of 60 ms for
an initial condition of 6, = 180° which indicated its strong potential for self-righting and
stabilizing capabilities.

The final prototype of the badminton tensegrity structure was additionally simulated
using computational fluid dynamics (CFD) inside ANSYS Fluent for a numerical verification
of its drag behavior (Fig. 5.11). The drag coefficient was calculated to be 0.49, which is
reasonable given that the projected area of the structure is dominated by the cone. The
estimated turnaround time is then higher than the initial solution, approximately 100 ms
but well within the timescale of a drop event. Most importantly the cone is confirmed to act
as the center of pressure for the fundamental operating principle of the design.

ANSYS
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Figure 5.11: Pressure distribution on the badminton tensegrity structure. Air flow is directed
into the page.

Although the aerodynamic properties of the badminton birdie stabilize it along its flight
trajectory and enable it to land nose-down, it has no way of maintaining its landing orienta-
tion after the initial impact with the ground. For the badminton tensegrity structure, design
modifications are therefore needed to widen the landing footprint and prevent the structure
from rolling or tipping.
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The icosahedral tensegrity structure rests on an equilateral triangular face and will roll
when its CoM shifts past the bounds of this base triangle (Fig. 5.12). The rotation axis
is any edge of the base triangle since those three rotation directions represent the modes of
minimum activation energy for rolling the structure [81].
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Figure 5.12: Rotation of tensegrity structure: a) top view and b) 2D side view of CoM
moving over base triangle.

The critical tipping angle 6. occurs at the instant the CoM passes over the rotation axis
and can be found through geometry given the base height of the CoM h and its horizontal
distance to the rotation axis x,. It can be expressed as

0. = arctan % (5.2)

With the addition of the badminton cone to the tensegrity structure, h will increase to a
new value hg, and the structure will tip more easily with the subsequent decrease in 6.. To
prevent premature tipping, rod extensions can be added along the outer ring of the tensegrity
structure in the form of landing gear that widen the tensegrity’s stance on the ground. The
legs form a hexagonal footprint that is well aligned with the base triangle’s primary tipping
directions (Fig. 5.13).

To maintain the same 6. as before, the hexagonal footprint must have, at minimum, an
apothem z, je, Of

Ly hex = %hZ (53)

This imposes a design constraint on the hardware needed to stabilize the structure after
its initial impact with the ground. When the structure bounces upon impact with the
ground, it must not tilt past this critical angle for the structure to remain upright. The time
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Figure 5.13: Top view of tensegrity structure’s widened hexagonal footprint

scale of the bounces is not sufficient for the aerodynamic properties of the badminton cone
to re-stabilize the structure, so the post-impact orientation control depends entirely upon
the performance of the landing gear. The stability properties of the badminton tensegrity
prototype were calculated through the above equations using values measured in Fusion 360
computer-aided design (CAD) software (Table 5.6). Note that a minimum value of 10 cm
for x, e, was needed to maintain a constant 6. after the addition of the cone. Based on the
structure geometry and mounting points of the landing leg extensions it was convenient to
expand @, e, to its current value of 18 cm for additional safety against tipping.

Tensegrity h (cm) z, (cm) 6. (°)
Standard 12 6 26.6
Badminton 20 18 42.0

Table 5.6: Ground stability parameters of badminton tensegrity prototype

For the badminton tensegrity structure hardware, a lightweight cone is attached to the
top face of the tensegrity and the landing gear leg extensions are connected to each rod (Fig.
5.14).

The cone is made by weaving thin carbon fiber shafts through a thin plastic sheet and
attaching them with 3D-printed polylactic acid (PLA) brackets to the rod ends of the top
face (Fig. 5.15a). Due to the limiting factor of three attachment points, the cone takes on
the shape of a triangular prism, but the difference is acceptable compared to the additional
mass and complexity of adding circular struts to brace the interior of the cone and form
a round cross section. When resting on its base triangle, the tensegrity has three rods in
contact with the ground and the remaining three rods are suspended in parallel above them.
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Figure 5.14: a) Top and b) side views of CAD model compared to the c) the final hardware
prototype. Cables are omitted for clarity.

Due to the differences in endcap locations, they require two different types of landing gear:
first, a set of TPU joints to connect a perpendicular leg extension (Fig. 5.15b), and second,
a set of threaded rods to connect an in-line leg extension (Fig. 5.15c). Spring-cable tensile
components are utilized to secure the ends of the leg extensions to one another and create
the hexagonal footprint of the landing gear.

. 4

a) b) c)

Figure 5.15: Detail CAD views of a) cone rod bracket, b) perpendicular leg extension, and
¢) in-line leg extension
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Drop Test Experiments

The badminton tensegrity structure was dropped from the top of a building (22 m) to validate
the in-air reorientation behavior and the stability of the landing gear during post-impact
bouncing. For the initial conditions of each test, the robot was held at rest horizontally
(0; = 90°) before release. A sensor board contained in the payload used accelerometers and
an IMU to record the structure’s acceleration and orientation data, respectively. The data
were compared to videos of the drop to verify the orientation of the robot throughout the
drop event.

Over N = 30 tests the badminton tensegrity structure had an 86.7% success rate in
achieving the desired final orientation (Table 5.7). In all tests the badminton structure
self-righted along its falling trajectory and impacted on the correct face. The landing gear
then proved extremely effective at stabilizing the structure against the subsequent random
bounces. Peak impact accelerations of the payload were averaged across all tests and demon-
strate the protection provided by the tensegrity structure. This is again using the reference
calibration of the sensor payload without a tensegrity that measured a peak impact acceler-
ation of approximately 400 g when dropped from a height of only 5 m.

Number of Tests Impact Final Orientation Average Peak
Orientation Success Rate (%) | Acceleration (g)
Success Rate (%)
30 100 86.7 328

Table 5.7: Ground stability parameters of badminton tensegrity prototype

The test data (Fig. 5.16) indicate that the structure self-righted within 1 second after
being released. Note that the target orientation is at § = 0° and that any tilting of the
structure will result in a positive angular error measured by the IMU regardless of direction.
Due to the sensing fusion algorithms on the IMU there is noise in the orientation data from
the sudden impact and high frequency vibration before it settles to a final resting value. It
takes approximately half a second for the initial rotation needed to align the structure with
the vertical axis, then another half second for the overshoot correction and full stabilization.
This behavior was additionally confirmed by comparing against slow-motion frames of the
drop test videos. Overall, the results verify the rapid convergence of the structure to its
correct orientation during free-fall as predicted by the rotation model.

A closer examination of the accelerometer data reveals key insights into the impact per-
formance of the badminton tensegrity structure (Fig. 5.17). Ten representative tests are
plotted together with the timescale normalized around the peak acceleration value. These
accelerations are naturally higher than those experienced by the standard tensegrity struc-
ture due to the additional hardware weight, but they compare favorably to those of the
asymmetrically-weighted self-righting tensegrity. Post-drop analysis of the hardware revealed
that the structure did not experience failures such as spring deformation or rod cracking until
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Figure 5.16: Experimental drop test data. Acceleration (top) and angular position (bottom)
over time.

over 50 drops (including all tests of previous iterations before the final prototype). This is on
the lower end of the expected life cycle range for the deployable tensegrity landers, but the
successful self-righting capabilities is a valuable tradeoff against the impact performance.
It is important to note that the acceleration profiles of all tests are very closely aligned,
indicating the consistent impact response of the structure when it is repeatedly landing on
the same target face. Overall, the closed-face landings indeed behave as predicted by the
analytical models of the structure.

In experimental testing, it was observed that the badminton tensegrity structure had a
reduced bounce height compared to other designs, potentially due to the additional damp-
ing provided by the cone. This reduced bouncing minimized the potential rotation of the
structure and greatly benefited the success rate of the landing gear. Further work is needed
to study the effects of different hardware modifications on the vibration and damping re-
sponse of tensegrity structures, as this may prove to be an effective method of mitigating
the dynamic post-impact bouncing usually experienced upon landing [82, 83|.

Although the badminton tensegrity structure has proven to be both more reliable in
terms of overall success rate and more mass-efficient through its lightweight design and
lower impact accelerations, it does have a limiting factor when compared to the scalability
of conventional tensegrity structures. Due to the aspect ratio of the cone to the tensegrity
sphere, it becomes quickly impractical to build badminton tensegrity structures to carry
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Figure 5.17: Sample cluster of badminton tensegrity drop test accelerometer data (N = 10)

larger and heavier payloads. Nevertheless, so far it has already demonstrated tremendous
advantages in the autonomous deployment of small sensor payloads and is currently the most
reliable and efficient design within its size class of self-righting tensegrity landers [84].

5.4 Discussion

The payload deployment platform’s self-righting capabilities have an exciting potential appli-
cation to design directional strength and stiffness into a stronger and more robust tensegrity
robot. The orientation control forces the robot towards the targeted landing face while it
is falling to guarantee the robot’s impact orientation for any deployment of sufficiently high
altitude. Aligning the target landing face with the previously identified minimum-impact
orientation combines the structure’s self-righting capabilities and impact-resistance for an
optimal landing experience.

Analytical models of the structure coupled with the pattern of distributed spring defor-
mation reveal locations where the tensegrity can improve its impact resistance. In any given
landing orientation, there exists a subset of the tensegrity springs that will lose tension and
go slack due to the inherent dynamics of the system. While these springs are necessary to
maintain the robot’s tension network in a static position, during dynamic events they do
not contribute to the impact resistance of the structure. By deliberately using lighter, less
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stiff springs for these specific cables and switching to heavier, stiffer springs for those cables
bearing most of the impact, there is the flexibility to improve impact performance while
reducing the structure weight. Since the weight of all the springs makes up over a third of
the system weight, any reduction that can be made will greatly reduce the expected impact
velocity and forces on the robot. Individually tuning spring parameters will optimize the
impact response of the structure when landing in a guaranteed impact direction due to the
robust self-righting capabilities. Overall, this technique leverages self-righting to introduce
directional strength for a highly reusable and more impact-resistant structure.

This asymmetric spring concept was applied to the 38" robot with a 5 lb. payload.
When landing in the targeted self-righting orientation of a closed-face landing, twelve of the
structure’s thirty-six springs (specifically, the six springs in the top and bottom base trian-
gles and the six vertical springs as defined in the SVD model) do not contribute to payload
protection due to loss of tension or negligible extension during impact. Furthermore, three
specific springs (the three upper diagonal springs) on the exterior structure consistently ex-
hibited the most deformation post-impact even if they had been newly replaced. A modified
design simultaneously reduced the weight of the 12 slack springs and increased the strength
of the three most heavily loaded springs for an overall weight decrease of 0.6 1b. Low-altitude
tests showed that the payload experienced a new decrease in impact acceleration of 4.7%,
while the robot had an increased lifespan due to a reduction of spring overextension. The
technique demonstrated here shows great promise and will be a key technique in future work
where larger payloads may be carried, as they simultaneously result in orientation control
and superior impact performance for a net decrease in system mass. These improvements
are expected to increase as the robot more nearly matches terminal velocity for large drops,
as the total amount of energy to be dissipated scales with velocity squared.

Future work will use orientation control to selectively tailor the individual spring stiff-
ness in such a way to best optimize the structure’s weight and impact resistance. Stronger
and lighter robots may also create opportunities to reintegrate locomotion control with the
asymmetrically-weighted solution, although further investigation is needed to identify the ef-
fects of asymmetric weighting and spring constants on locomotion performance and carefully
select the active, actuated cables on the structure [85]. This will turn the tensegrity into an
Unmanned Ground Vehicle (UGV) contained in the same hardware unit as the lander and
open new applications in the autonomous deployment of ground-based sensors.
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Chapter 6

Conclusions and Future Research

This dissertation established a unified design methodology for the deployment of impact-
resistant tensegrity landers carrying critical sensor payloads for emergency response opera-
tions.

Starting from a series of high-level design equations used to narrow the parameter search
space and propose valid tensegrity lander configurations, the stationary robot six-bar tenseg-
rity platform was designed and prototyped. The construction is robust, scalable, and modular
across multiple iterations of the robot that tune factors such as size, weight, and spring stiff-
ness. Analytical models such as the mass-spring-damper were shown to accurately capture
both the deformation and energy dissipation of the structure during impact in ideal landing
orientations. Lumped mass models simulated in MATLAB and ANSYS provided a more
accurate prediction of the impact performance and were used as upper-bound estimates of
the peak payload acceleration experienced during landing.

The models and simulation were validated through a wide variety of drop test experiments
to build the largest current repository of tensegrity lander drop test data, including the
highest-altitude drops of tensegrity structures to date. The data was used to demonstrate
the impact-resistant design and characterize the impact response of the structure. Scaling
trends between peak payload acceleration and the design parameters were observed in the
data, and a series of surface curve fits were generated to propose empirical scaling laws for
future designs of tensegrity landers. These serve as conservative damage boundaries for the
design of safe impact-resistant tensegrity landers.

A promising new application emerged from the drop test data, motivated by the iden-
tification of the closed-face landing orientation as the optimal impact-dissipating mode. In
addition to protecting the payload, orientation control can also be used to deploy position-
dependent sensors such as cameras or radio antennas. Two newly designed structures, an
asymmetrically-weighted robot and a badminton-inspired robot, were built and validated in
experiment as self-stabilizing tensegrity landers capable of maintaining a given landing ori-
entation after impact. The guaranteed landing orientation provides the flexibility to design
tailored material properties to introduce directional stiffness into the compression modes of
the tensegrity for a new generation of optimized structure.
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Overall, the work contributes design methods, reorientation capabilities, and validated
hardware prototypes to the grand challenge of tensegrity robotics: demonstrating a fully
autonomous tensegrity robot capable of safely navigating through unstructured terrain.

Future Research

The research here has a rich potential for future work towards realizing such tensegrity robots
with robust and autonomous capabilities.

For the hardware design of tensegrity landers, improved modelings methods to calculate
and predict the impact performance will accelerate the design process of future iterations.
The work presented here used conservative estimates for the damage boundaries, meaning
that the landers may be overdesigned and inefficiently make use of the selected material
properties. Critical damage thresholds for both human impact and electronics payload pro-
tection may also be excessively conservative, where the time of impact should also be more
carefully considered alongside an absolute magnitude for peak payload acceleration. Since
the peak g value in the drop test experiments is sustained for only a small fraction of the
tensegrity impact time, which in itself is already comparatively low relative to the timescale
referenced in the literature, it is entirely possible that tensegrity structures can provide even
more impact protection than previously known. For a better understanding of the impact,
an analytical mapping between the hardware parameters such as rod and cable stiffness,
and the effective stiffness of the structure under highly dynamic impact events, is necessary
[86]. Furthermore, as previously mentioned, increasing the range and resolution of the drop
test data can lead to more accurate curve fits and design laws that can also account for the
asymptotic behavior of the peak acceleration with respect to drop height and terminal veloc-
ity. While the surface fits indicated similar dependency of the peak acceleration on all design
parameters, for this multifaceted design problem where numerous hardware parameters can
be tuned simultaneously it is perhaps insufficient to consider 3-dimensional surface fits to
visualize the scaling trends. Instead, further experiment data is needed to form a non-linear
multi-parameter model that can optimally capture the aggregated behavior of the tensegrity
landers under all landing conditions.

In terms of re-integrating the landing robustness properties of a stationary tensegrity
robot with the ground locomotion capabilities of a mobile tensegrity robot, one of the most
promising paths forward is to leverage reorientation and landing control. For the optimized
structure with directional stiffness, certain cables were chosen to be stiffer than others to
withstand impact, while others had reduced stiffness because they did not contribute to
impact protection. It is precisely these more elastic cables that are ideal candidates for
cable-based locomotion that prefers low cable stiffnesses to improve locomotion efficiency.
Since the structure will be rolling, the asymmetrically-weighted structure must be redesigned
to avoid uneven gaits, or the weights could also be leveraged in new locomotion schemes that
do not depend on cable retraction [87, 88|. The badminton-inspired structure would also
need to be redesigned as it would not be capable of rolling due to its externally-attached
cone and landing legs. A potential solution is to use a series of vanes on the external rods of
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the tensegrity structure to control its flight direction much like the feathers on an arrow [89].
These vanes would be lightweight and flexible and would not impede any rolling motions
of the mobile tensegrity lander. Further investigation is also needed to determine optimal
path planning and locomotion algorithms for an underactuated tensegrity robot, since the
stiff impact-resistant cables would be inaccessible to the motors. Overall the combination
of both design paradigms will return the tensegrity lander to its original roots as a robust,
flexible, and multi-functional robot capable of high-altitude deployment, impact-resistant
landings, and autonomous locomotion across unstructured terrain. Continued work on these
impact-resistant tensegrity robots will streamline disaster response operations on Earth to
provide critical real-time data, assist with relief efforts, and save lives.
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