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(a) A linear actuator and motor combined in series has the ability to generate 2-
dimensional forces at the end effector (shown in red), but is constrained to motions
only in the directions of these forces. (b) Three soft actuators combined in parallel
can generate the same 2-dimensional forces at the end effector (shown in red), without

imposing kinematic constraints that prohibit motion in other directions (shown in blue). 11

A fiber-reinforced elastomerc enclosure (FREE) is a soft fluid-driven actuator com-
posed of an elastomer tube with fibers wound around it to impose deformations such
as extension and twisting under an increase in volume. . . . . . . . .. ... .. ...
By changing the fiber angle of a FREE, it can be configured to produce a large range
of force/moment combinations. To understand this, we consider how (a) the angle at
which a fiber is pulled in a plane affects (b) the ratio between the z and y components
of the pulling force. Similarly, by (c) wrapping the plane into a cylinder and account-
ing for an internal pressure force pushing out on the end-cap, the (d) ratio between
axial force and twisting moment can be arbitrarily set by changing the fiber angle.
Geometric parameters of an ideal cylindrical FREE in (a) the relaxed configuration
where g = 0 (top), and (b) a deformed configuration where q = [Al, A¢]T (bottom). .
(a) A FREE contains many parallel fibers, all part of the same fiber family. (b) One
isolated fiber forms a helical constraint. (c) The FREE radius r, twist A¢, and length
change Al are geometrically related via the right triangle formed by unwinding a fiber
and layingitflat. . . . . . . . ...
With one end of a pressurized FREE fixed in place (not shown), this sensor test setup
uses linear and rotary encoders to measure the axial and rotational displacements of
theotherend. . . . . . . . . . . L
Predicted (-) and measured (*) rotation versus pressure for various torsional loads
applied to a single FREE. Results for the 80 mm and 144 mm long FREEs are shown
on the left and right, respectively. . . . . . . . . . .. ... ... ...
(a) When multiple actuators are attached in parallel to the same end effector, shown
on the left, we must consider their relative positions and orientations. (b) This is
determined by the vector d; of the displacement of the attachment point of an actuator
relative to the origin of the end effector frame, and by the unit vector a; that is aligned
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with the actuator axis at the attachment point, shown in the zoomed-in view on the right. 24
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3.1

An end effector is driven by the parallel combination of two pairs of FREEs with op-
posing chirality. The zonotope (grey areas) is the range of forces that can be produced
by applying strictly positive pressure to the individual FREEs. It is spanned by the
individual force vectors that each FREE produces at maximal pressure (plotted here
in the color corresponding to the FREE’s appearance in the diagram above). By con-
structing the zonotope for (a) one FREE, (b) two FREE:s, (c) three FREEs, (d) four
FREE:s in parallel, one can observe that all four actuators are needed to gain full con-
trol authority over forces along and torques about the z-axis. In this poorly designed
system (with fiber angles and attachments points as shown in the top diagram), the
theoretical minimum of 3 actuators is not sufficient to achieve full control authority.

In the experimental evaluation, we employed a parallel combination of three FREEs
(top) to yield forces along and moments about the z-axis of an end effector. The
FREEs were carefully selected to yield a well-balanced force zonotope (bottom) to
gain full control authority over F'* and M?*. To this end, we used one extending
FREE and two contracting FREEs which generate antagonistic moments about the
end effector z-axis. . . . . . . ... L
This experimental platform is used to generate a targeted displacement (extension and
twist) of the end effector and to measure the forces and moments created by a parallel
combination of three FREEs. A linear actuator and servomotor impose an extension
and a twist, respectively, while the net force and moment generated by the FREE:s is
measured with a force load cell and moment load cell mounted in series. . . . . . . . .
For four different deformed configurations (top row), we compare the predicted and
the measured forces for the parallel combination of three FREEs (bottom row). Data
points and predictions corresponding to the same input pressures are connected by a
thin line, and the convex hull of the measured data points is outlined in black. The
Trial 1 data is overlaid on top of the theoretical force zonotopes (grey areas) for each
of the four configurations. Identical colors indicate correspondence between a FREE
and its resulting force/torque direction. . . . . . . ... ..o
At high fluid pressure the FREE with fiber angle of —85° started to buckle. This effect
was less pronounced when the system was extended along the z-axis. . .. ... ...
A visualization of how the force zonotope of the parallel combination of three FREEs
(see Fig. 4.3) changes as a function of the end effector state . One can observe that
the change in the zonotope ultimately limits the work-space of such a system. In par-
ticular the zonotope will collapse for compressions of more than -10 mm. For scale
and comparison, the convex hulls of the measured points from Fig. 4.7 are super-
imposed over their corresponding zonotope at the configurations that were evaluated
experimentally. . . . . . . ...

By providing an infinite-dimensional linear representation of a dynamical system,
Koopman operator theory enables linear system identification of nonlinear systems.
This process proceeds in three steps, as described in Section 3.1: (1) Measured states
of the system are lifted to the space of real-valued functions of the state and input. (2)
Least-squares regression is performed on the lifted data to obtain an approximation of
the Koopman operator, /C.. (3) An approximation of the nonlinear vector field F' can
then be obtained via its one-to-one relationship with the Koopman operator. . . . . . .
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An illustration of the effect of deviating from the image of the lifting function M
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3.1.4. The evolution of the finite-dimensional system in the output space Y from
y|[0] is depicted as a red curve. The lifted version of this evolution is depicted as the
blue curve which is contained in M. The discrete time system representation in the
higher-dimensional space created by iteratively applying the state matrix A to z[i]
may generate a solution that is outside of M. Though one can still apply C' to 2z
to project it back to Y, this may result in poor performance. Instead, by projecting
z[i] onto the manifold at each discrete time step to define a new lifted state 2[i], the
deviation from M is reduced, which improves overall predictive performance.

Three link planar arm system with input defined as joint torques and output defined as
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The model prediction error for several linear, bilinear, and nonlinear Koopman model
realizations identified from the same set of data. As the number of basis functions in-
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System identification was performed on a soft robot consisting of three PAMs adhered
together. Active motion capture markers on the base and end effector enabled tracking
of the position and velocity of the end effector relative to the fixed global coordinate
frame marked by unit vectors 91, 7», 3 Where ¢; is pointing into the page. The robot’s
range of motion given control inputs defined in (4.14) is depicted. . . . . . . . . . ..
The measured position of the robot end effector over a 30 second time window (black,
dotted) superimposed with the position predicted by the Koopman-based model (blue)
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standard deviation designated by the black bar. The average NRMSE of the Koopman-
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ABSTRACT

Traditional rigid-bodied robots are designed for speed, precision, and repeatability. These traits
make them well suited for highly structured industrial environments, but poorly suited for the
unstructured environments in which humans typically operate.

Soft robots are well suited for unstructured human environments because they can safely
interact with delicate objects, absorb impacts without damage, and passively adapt their shape to
their surroundings. This makes them ideal for applications that require safe robot-human interac-
tion, but also presents modeling and control challenges. Unlike rigid-bodied robots, soft robots
exhibit continuous deformation and coupling between structure and actuation and these behav-
iors are not readily captured by traditional robot modeling and control techniques except under
restrictive simplifying assumptions.

The contribution of this work is a modeling and control framework tailored specifically to
soft robots. It consists of two distinct modeling approaches. The first is a physics-based static
modeling approach for systems of fluid-driven actuators. This approach leverages geometric re-
lationships and conservation of energy to derive models that are simple and accurate enough to
inform the design of soft robots, but not accurate enough to inform their control. The second is a
data-driven dynamical modeling approach for arbitrary (soft) robotic systems. This approach lever-
ages Koopman operator theory to construct models that are accurate and computationally efficient
enough to be integrated into closed-loop optimal control schemes.

The proposed framework is applied to several real-world soft robotic systems, enabling
the successful completion of control tasks such as trajectory following and manipulating objects

of unknown mass. Since the framework is not robot specific, it has the potential to become the

XVi



dominant paradigm for the modeling and control of soft robots and lead to their more widespread

adoption.
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CHAPTER 1

Introduction

1.1 Motivation

Human technology is primarily composed of stiff and rigid materials. From skyscrapers to pa-
perclips and everything in between, rigid structures are ubiquitous in engineered systems. This
preference for rigidity manifests in our robots too. The vast majority of robots in use today are
composed of rigid links actuated by strong heavy motors. They are fast and precise, but also mas-
sive and dangerous. Therefore, they are almost exclusively utilized in industrial settings where
they can be physically separated from humans by cages and other barriers. Over the last sev-
eral decades, these types of robots have facilitated increases in productivity and efficiency in the
manufacturing sector [2], but have been of little use outside of factories.

Robots could facilitate similar improvements to our day-to-day lives, but this will require them
to perform tasks within the unstructured environments inhabited by humans. In such settings, speed
and precision are less important than safety and reliability, making the predominant morphology
of current industrial robots poorly suited to address this challenge. For robots to operate safely and
effectively alongside humans, a new paradigm in their design and control is needed.

We need not look far for inspiration. We are surrounded by systems in nature that safely and ef-
fectively operate within unstructured environments. These natural systems, designed by thousands
of years of trial-and-error, utilize primarily soft materials to achieve performance capabilities that

exceed the current state of the art in robotics. While human engineers prefer materials that are stiff



and rigid, nature most often opts for softness and flexibility.

Softness has some clear and well understood benefits. The most immediate benefit is the way
in which softness mitigates contact with the environment. In collision, soft materials dissipate
energy through deformation, making physical interactions with soft structures inherently safer than
with rigid ones. Softness also facilitates more robust grasping and navigation by enabling passive
conformity to the shapes of external objects and environments.

Despite the acknowledged benefits of softness, our affinity for rigid structures runs deep. For
example, Robots like Boston Dynamics’ Spot [3], the Fetch Mobile Manipulator [4], and others
that are intended for human collaboration are all constructed from rigid materials. These robots
may be smaller and lighter than their industrial forebearers, but they are similarly capable of induc-
ing injury [5]. If softness promotes safer interactions between robots and humans, why aren’t any
of these popular commercial robots made of soft materials? The answer may lie in the way we are
conditioned to think. Our predilection for rigidity is not merely reflected in the robots we design, it
is also reflected in the way we model the physical world. For example, elementary physics classes
assume that masses act as if concentrated at points and that solid bodies are perfectly rigid. Such
abstractions are undoubtedly convenient, but untrue. While this way of thinking about the world is
sufficient for designing and analyzing rigid things, it is hopelessly inadequate for describing things
that are the soft and flexible. Years of conditioning makes our imaginations, and consequently our
robots, inflexible.

The field of soft robotics has emerged to challenge the dominant paradigm. This field, which
seeks to utilize and exploit soft materials to create ever more capable robots, has grown consider-
ably over the last several years. Inspired by the way animals use soft materials to move in complex,
unpredictable environments, soft robots could revolutionize emerging robotic application domains
such as medicine, disaster response, and in-home human assistance [6].

Soft robots have the potential to exceed the capabilities of traditional rigid-bodied robots by
exploiting the inherent benefits of softness. Softness allows them to adapt their overall shape to

navigate unstructured environments, to safely interact with humans, to grasp delicate objects, and



to absorb impacts without damage [7]. Already, thousands of novel soft robotic devices such as
grippers [8], crawlers [9], and swimmers [10] have been developed that exploit the flexibility of
their bodies to achieve coarse behaviors such as grasping and locomotion. Despite their promise,
however, soft robots have yet to be widely adopted. Unfortunately, softness introduces modeling
and control challenges that have so far rendered soft robots incapable of achieving the precision
needed for more useful tasks such as object manipulation.

Soft robots are fundamentally different from rigid-bodied robots in ways that demand a new
set of modeling and control approaches tailored specifically to them. Soft robots do not exhibit
localized deformation at discrete joints, but instead deform continuously along their bodies and
have infinite degrees-of-freedom. In the absence of joints, there is no obvious choice of state
variables to describe the geometry of a soft robot. As a result, it is unclear how best to describe the
configuration of a soft robot with a finite set of parameters. Things are further complicated by the
nonlinear properties of soft materials such as compliance, damping, and hysteresis which change
a system’s behavior over time. Because of these unique challenges, soft robots have yet to replace
rigid-bodied robots in applications such as feeding [11], packing boxes in a warehouse [12], and
other human assistive tasks where their inherent safety would be of value.

The central aim of this dissertation is to increase the capabilities of soft robots by developing
a universal modeling and control framework for them. Models offer valuable insight into the be-
havior of robotic systems, allowing engineers to evaluate the efficacy of proposed designs before
physically constructing them, or synthesize controllers that achieve desired performance specifi-
cations. For design, models are desired that can roughly predict system behavior based on a set
of design parameters before the system is constructed. For control, models are desired that can
accurately and efficiently predict system behavior based on a set of control inputs, and are com-
patible with existing model-based control techniques. It is difficult to construct models that satisfy
both of these requirements simultaneously, therefore it is often useful to construct different models
for the design and control of the same system. This dissertation presents methods for constructing

both types of models for soft robots as well as methods for synthesizing accurate model-based



controllers from them.

1.2 State of the Art

A canonical approach to modeling soft robotic systems does not yet exist. Therefore, many dif-
ferent approaches have been utilized to model soft robots, depending on the intended application.
These models can broadly be separated into two categories: physics-based models and data-driven
models.

Physics-based models are constructed from observations of component material properties and
first-principles, enabling them to make predictions about a system’s behavior before the system is
physically constructed. Thus, they are often used to inform the design of soft robots intended for
particular tasks. For example, [13] and [14] present models for a class of soft actuators known
as fiber-reinforced elastomeric enclosures (FREEs) which describe their kinematics and range of
motion (respectively) in terms of design parameters such as length, diameter, and fiber angle. In
[15] and [16], kinematic models for continuum manipulators are presented which describe their
continuous geometry in terms of just a small set of design parameters. These models have proven
useful for optimal model-based design of soft robotic manipulators [17]. However, due to the dif-
ficulty of representing infinite degrees of freedom and the nonlinear properties of soft materials,
these physics-based models still fall short of completely capturing the complex behavior of soft
robots. They are fundamentally limited in accuracy by the simplifying assumptions upon which
they are based. For example, the popular piecewise constant curvature model [18] provides a
low-dimensional description of the shape of continuum robots, but only under the assumption that
bending occurs in sections of constant curvature. Other reduced-order models such as pseudo-
rigid-body mechanics [19, 20], quasi-static [21, 22, 23], or simplified geometry [24, 25, 26] have
been validated on real soft robotic systems, but they are only able to describe behavior in the subset
of conditions over which their simplifying assumptions hold. Hence their accuracy is sufficient for

informing design but still falls short of what is required to perform model-based control satisfac-



torily.

Data-driven models can more accurately capture the complex behavior of soft robots by utiliz-
ing observations of real systems. A primary benefit of data-driven modeling techniques is that a
description of an input-output relationship suitable for model-based control can be obtained from
system observations without explicitly defining a system state. This is especially useful for ob-
taining reduced-order models of soft robots that have essentially infinite-dimensional kinematics,
without making simplifying physical assumptions. A potential downside of data-driven model-
ing is that it requires system behavior to be observed under a wide range of operating conditions,
including those that may be dangerous to a robot or its surroundings. Fortunately, compared to
conventional rigid-bodied robots, soft robots pose much less of a physical threat to themselves and
their surroundings. It is hence possible to automatically and safely collect data under a wide range
of operating conditions, making soft robots well suited for data-driven modeling approaches.

Within the class of data-driven methods, deep learning of neural networks has been the primary
choice for describing the input-output behavior of soft manipulators. For instance, [27] used deep
reinforcement learning to achieve open-loop position control of a soft manipulator comprised of
fiber-reinforced actuators; [28] utilized a linearization of a neural network model and model predic-
tive control to control the position of a bellows-actuated manipulator; and [29] used a combination
of a recurrent neural network and supervised reinforcement learning to achieve closed-loop control
of a pneumatically-driven soft manipulator. This controller was shown to compensate for distur-
bances such as end effector loading. While these results are promising, there are fundamental
downsides to using neural network models for control. Namely, building a neural network model
requires solving a nonlinear optimization problem for which global convergence may not be guar-
anteed [30], and its accuracy depends on the number of hidden layers, number of nodes per layer,
activation function, and termination condition used during training, which must be tuned through
trial and error until acceptable results are achieved. Furthermore, utilizing a neural network model
at run-time is non-trivial since the control input usually appears nonlinearly within the computed

model.



An alternative data-driven system identification method, which will be explored in detail in
this dissertation, is based on Koopman operator theory. The Koopman operator provides a way
to describe the evolution of the states of a (potentially) nonlinear dynamical system as a linear
operation. This linearity is achieved by embedding the system’s dynamics in a higher dimensional
space of scalar valued functions. Because the Koopman operator is linear, it can be approximated
via linear regression. Thus Koopman-based system identification avoids some of the undesirable
features of nonlinear optimization such as the manual initialization and and tuning of training
parameters.

The ability to approximate nonlinear dynamical systems globally as linear systems is valuable
from a controls perspective, because it allows them to be controlled using linear control tech-
niques. A growing body of literature is exploring ways of exploiting Koopman representations
for control [31, 32, 33]. In [34], a low-dimensional analytical nonlinear system is converted to
a linear system via the Koopman operator, then a linear quadratic regulator (LQR) formulation
is used to construct a feedback control law. The Koopman-based linear control law is shown to
be superior to those based on local linearizations of the system. In [35], a data-driven approach
to identifying an approximation of the Koopman operator is presented called Extended Dynamic
Mode Decomposition (EDMD). In [36], Koopman models identified via EDMD are combined
with model predictive control (MPC) to achieve receding horizon control of nonlinear systems. So
far, these methods have been extensively validated on simulations of dynamical systems, but rarely
applied to real physical robotic systems. Notable exceptions are [37] which used a Koopman-based
learning approach to control a Sphero SPRK robot and a Rethink Sawyer robot, and [38] which
utilized a Koopman-based LQR controller to control a swimming fish robot. This dissertation

presents the first successful adaptation and application of this theory to soft robots.



1.3 Contributions

This dissertation focuses on modeling approaches for soft robots that can inform their design or
enable accurate real-time control. Each of the presented modeling approaches is validated on a real
soft robotic system to demonstrate its real-world utility. This dissertation has four contributions.
The first two are distinct modeling approaches, the third is a model-based control approach, and
the final contribution is an extension of the previously presented modeling and control approaches
to account for loading.

The first contribution is a physics-based static modeling framework for arbitrary combinations
of fluid-driven actuators. Fluid-driven actuation is widely used in soft robotics, so the approach is
broadly, even if not universally, applicable. This approach is applied to fiber-reinforced fluidic ac-
tuators to illustrate its ability to predict static behavior and inform the choice of design parameters.
Much of this work originally appeared in [24] and [39].

The second contribution is a data-driven dynamic modeling framework based on Koopman
operator theory. This approach provides a way to construct global linear, bilinear, and nonlinear
realizations of the characteristically nonlinear dynamics of soft robots using standard least-squares
linear regression. The approach is validated on a simulated planar 3-link arm and a real pneumatic
soft robot arm. Much of this work originally appeared in [40].

The third contribution is a Koopman-based model predictive control framework that is capa-
ble of achieving accurate control of soft robots. This framework yields model predictive control
optimization problems that are convex, making them computationally efficient enough to perform
closed-loop control. This is exemplified by a demonstration of fully autonomous real-time control
of a simulated planar 3-link arm and a real pneumatically actuated soft manipulator. Much of this
work originally appeared in [41].

The fourth contribution is an extension of the Koopman-based modeling and control framework
to explicitly account for external loading conditions. The framework consists of a modified system
identification approach to incorporate loading conditions into a Koopman model, and a control

algorithm that estimates loading conditions online. This improved framework is used to achieve



load invariant control of a simulated planar 3-link arm and the first successful demonstration of a
fully autonomous pick-and-place task by a real soft manipulator arm.

Each chapter corresponds to one of the contributions outlined above and has a similar structure:
A brief introduction, followed by a theoretical exposition, then one or more sections describing the
theory applied to an actual system. An effort has been made to keep mathematical notation con-
sistent across chapters, but some symbols may have been assigned more than one meaning. In
such cases, the intended meaning should be apparent from context. Although each chapter has
been adapted from a previously published manuscript, each chapter also contains new theory, ex-
periments, and results. Additionally, much of the previously published content has been expanded

upon and reorganized in an attempt to make for a more complete and coherent whole.



CHAPTER 2

Physics-based Modeling

Physics-based models are constructed from first-principles and are useful for the insights they pro-
vide about a proposed robotic system without requiring it to be physically constructed first. Even
though most of the tasks robots are designed to perform involve dynamic movements, physics-
based static models are particularly valuable due to their interpretability and computational tractabil-
ity. Physics-based static models can be used to describe the relationship between actuator forces
and end effector forces, determine actuator requirements, and estimate a robot’s workspace under
loading. The broad insights provided by such models enable roboticists to evaluate competing
robot designs, which saves time and resources in the development of novel robots.

The theory of statics for rigid-bodied robots is well developed [42]. Joint torques are propor-
tionally related to end effector forces by a Jacobian matrix whose derivation is based on the law of
conservation of energy and the duality of force and velocity. However, these well-established re-
sults are not compatible with soft robotic systems since they are premised upon the assumption of
rigid-bodies and localized deformation at joints. The goal of this chapter is to present an analogous
Jacobian-based theory of statics for systems that exhibit continuous and distributed deformation,
like soft robots. The key contribution of the proposed framework is an extension of the concept of
the Jacobian to fluid-driven systems.

Although not all soft robots are fluid-driven, most are actuated by fluid-driven soft actuators
that can produce forces without imposing a rigid structure [43, 44, 10, 9]. In these actuators, a

pressurized fluid such as water or air creates a targeted deformation of a soft structure that encloses



a fluid-filled cavity. To achieve a desired type and direction of deformation, and not merely a
homogeneous expansion, the stiffness of the soft structure is patterned in a specific way by adding
reinforcing elements such as fibers, beams, or plates [45, 46, 7]. Prevalent examples of this type of
actuator are bellows [47] McKibben actuators [48], and pneu-nets [49].

Due to their deformable structure, fluid-driven soft actuators differ in a fundamental way from
traditional actuators. An electric motor, for example, essentially combines a kinematic constraint
(the rotation axis of the motor, which is physically defined by a pair of bearings) with a force
generating element (the electromagnetic forces, which create the motor torque). Since the motion
of such an actuator is inherently limited to one dimension, multiple actuator stages are typically
combined in series to achieve multiple degree of freedom (DOF) motions (Fig. 2.1a). This is the
prevalent design, for example, in industrial robotic arms. In contrast, in a soft actuator, the force
generating element is not supported by any physical kinematic constraints. The actuator produces
a spatial force without constraining the motion to happen exclusively in the direction of this force.
Because of this, soft actuators are particularly well suited to be combined in parallel, where the
forces of the individual actuators are superimposed to generate a multi-dimensional spatial force
(Fig. 2.1b). Such parallel combinations enable particularly compact designs of multi-DOF motion
stages, which are prevalent in soft robotic manipulators [43, 46, 50].

This chapter introduces a generalized static model of parallel combinations of fluid-driven
actuators. It is an adaptation of work originally presented in [24] and [39]. Section 2.1 presents the
derivation of a static model for a single actuator and validation experiments on a real soft actuator.
Section 2.3 extends this approach to arbitrary parallel combinations of fluid driven actuators and
investigates how such combinations can be configured to enable effective control of multi-DOF

forces.
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Figure 2.1: (a) A linear actuator and motor combined in series has the ability to generate 2-
dimensional forces at the end effector (shown in red), but is constrained to motions only in the
directions of these forces. (b) Three soft actuators combined in parallel can generate the same
2-dimensional forces at the end effector (shown in red), without imposing kinematic constraints
that prohibit motion in other directions (shown in blue).
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2.1 Force Generation by a Single Fluid-driven Actuator

The static modeling approach for fluid-driven robots is based on the notion of a fluid Jacobian,
which maps the geometrical deformation of a soft actuator, or of a system of actuators, to a change
in their volume. Under certain assumptions, the transpose of this Jacobian linearly maps the in-
ternal fluid pressure to the spatial forces that the actuator generates. One can think of this fluid
Jacobian as the soft and multi-dimensional equivalent of the cross sectional area of a traditional
pneumatic or hydraulic cylinder, since this cross section similarly relates cylinder pressure to force,
and piston movement to fluid displacement.

Fluid-driven actuators contain a fluid-filled cavity and operate on the principle of converting
fluid energy into mechanical work. This transmission of energy is mediated by the geometric
structure of the actuator. The fluid Jacobian captures the way in which an actuator’s structure
constrains the volume v of the fluid cavity so that specific motions can be induced by changing the
volume.

We denote by g a generalized vector of spatial deformations that fully describe the geometry
of an actuator. Then, the volume of its fluid-filled cavity can be represented as a function of g, i.e.
v = v (q). The derivative of this volume yields an expression v for the volumetric fluid flow into

the actuator:

i ov  0Ovoq )
; === 2.1
o(g,9) = o 9q 0t «(@)q. (2.1)
where the fluid Jacobian is defined as J, = g—g with respect to the deformation q.

Let 1, denote the vector of generalized forces exerted by the actuator. It is important to note that
7, and q live in dual spaces. That is, forces in 7, correspond to linear motion in g, and moments
in 7, correspond to angular motion in q. In the most general case, these are 6-dimensional vectors
with three translations and three rotations. In such a case, J; is a 1 x 6 matrix.

Assuming that the actuator does not store energy, energy conservation dictates that the me-

chanical power P, generated by the actuator must equal the fluid power Py, that goes into the
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actuator:
Pmech = Pﬂuid = qTTq = ®p7 (22)

where p > 0 is the gauge pressure of the fluid inside the actuator. Substituting (2.1) into (2.2),
yields an expression for the generalized actuator force that is linear with respect to the fluid pres-

sure:

m(q,p) = J, (q)p (2.3)

The fluid Jacobian thus describes the directions in which a fluid-driven actuator can produce forces
and moments. Since the input pressure p needs to be strictly positive to avoid collapsing of the

fluid cavity, forces can only be produced in the positive direction defined by J,,.

2.2 Application: Fiber-Reinforced Elastomeric Enclosure

A particularly versatile type of fluid-driven soft actuator is the fiber-reinforced elastomeric enclo-
sure (FREE) [13, 51, 52], also known as the fiber-reinforced soft actuator (FRSA) [45, 53, 54].
A FREE consists of a fluid-filled elastomeric tube wound with reinforcing fibers that pattern its
stiffness to yield a desired mode and direction of deformation upon pressurization. By changing
the angles and arrangement of these fibers, a FREE can be customized to yield a large variety
of desired deformations and forces [13]. This customizability combined with their flexibility and
tube-like shape makes these actuators well suited for applications such as a pipe inspection [53],
catheter devices [55], or continuum manipulators [43].

One of the benefits of using FREEs as actuators is their mechanical programmability. By
changing the fiber angle, I', of a single set of evenly distributed parallel fibers (Fig. 2.2), a FREE
can be configured to produce a variety of combinations of forces along its main axis as well as

twisting moments about this axis. The principle behind this adaptability can best be understood
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Figure 2.2: A fiber-reinforced elastomerc enclosure (FREE) is a soft fluid-driven actuator com-
posed of an elastomer tube with fibers wound around it to impose deformations such as extension
and twisting under an increase in volume.
by considering a fiber being pulled in a plane (Fig. 2.3a). For a given fiber tension, 7', the ratio
between the z and y components of 7' is determined by the angle I' (Fig. 2.3b). In the case of a
FREE, this plane is wrapped into a cylinder (Fig. 2.3c). Now the z-component of the force pulls
along the direction of the central axis of the cylinder, while the y-component exerts the twisting
moment. Additional effects, such as the changing radius of the FREE and the fluid pressure acting
on its end-caps introduces deformation dependence [24], but the ratio between the axial force and
twisting moment at the initial undeformed state is fully determined by the fiber angle I' (Fig. 2.3d).
A number of researchers have developed ways of modeling fiber-reinforced actuators. Kr-
ishnan et. al. characterized the range of achievable motions based on fiber angles [51], explor-
ing beyond the scope of previous literature which had focused on McKibben actuators only [48].
Bishop-Moser et. al. formalized a geometry-based kinematic model of FREEs [13], which was
subsequently codified and expanded upon by others [14, 56]. Connolly et. al. took another ap-
proach, using finite element methods to predict the motions of fiber-reinforced actuators [53].
Bishop-Moser [52], Bruder [24], and Sedal [25], introduced force prediction models based upon

the principle of virtual work, force balance, and continuum mechanics, respectively. Furthermore,
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Figure 2.3: By changing the fiber angle of a FREE, it can be configured to produce a large range
of force/moment combinations. To understand this, we consider how (a) the angle at which a fiber
is pulled in a plane affects (b) the ratio between the x and y components of the pulling force.
Similarly, by (c) wrapping the plane into a cylinder and accounting for an internal pressure force
pushing out on the end-cap, the (d) ratio between axial force and twisting moment can be arbitrarily
set by changing the fiber angle.
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several papers have been written describing kinematic models of parallel combinations of fiber-
reinforced actuators [26, 57, 58]. The distinguishing trait of the fluid Jacioan approach is that it
can be applied to any fluid-driven actuators whereas these previous models apply specifically to
FREEs.

To apply the fluid Jacobian approach to a FREE, we make a number of simplifying assump-
tions. They are consistent with those made in prior work on the modeling and control of individual
FREEs [13, 24]. In particular, we assume that the fibers are inextensible and that they are uniformly
distributed around an elastomeric cavity with negligible wall thickness. Under these assumptions,
a FREE can be modeled as a composition of an energy transforming element (the fibers) and an en-
ergy storing element (the compliance of the elastomer body). The generalized forces generated by
each of these separate elements can be superimposed to characterize the net force Tgrgg produced

by the FREE:

TFREE = Ty + Telast (2.4)

where 7, and 7., are the generalized forces and torques attributed to the fiber and elastomer,
respectively. The fluid Jacobian approach exclusively describes the active general forces 7, that
are generated by the fibers and that can be controlled by varying the pressure of the fluid. A

supplementary elastomer model is needed to describe the elastomer force contribution.

2.2.1 Derivation of the Fluid Jacobian

The formulation of the fluid Jacobian for a FREE stems from the idea that the reinforcing fibers
create a kinematic constraint on the internal volume v of the fluid cavity. Without the reinforc-
ing fibers, this cavity could expand freely, since it is made from soft material. With the fibers,
however, the volume is limited. This limitation on volume depends on the mechanical parameters
of the FREE (e.g., the relaxed fiber angle or fiber length) and on the current state of geometric

deformation of the FREE, represented by the generalized vecotr of spatial deformations q.
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Figure 2.4: Geometric parameters of an ideal cylindrical FREE in (a) the relaxed configuration
where g = 0 (top), and (b) a deformed configuration where q = [Al, A¢]|T (bottom).

To make the computation of the fluid Jacobian more tractable, we rely on another common
assumption for FREES: that they maintain the geometry of an ideal cylinder [13]. This neglects
the tapering of a FREE towards the end-caps and any potential bending along its main axis. An
ideal cylindrical FREE in its relaxed configuration (i.e. when gauge fluid pressure is zero and no
external loads are applied) can be described by a set of three parameters, L, R, and I', where L
represents the relaxed length of the FREE, R represents the radius, and I the fiber angle (Fig. 2.4).

For notational convenience, we define two other constants from these parameters:

L
B = 2.5
COSF‘ 25

L
N = R tanT’ (2.6)

where B is the length of one of the FREE fibers, and N is the total number of revolutions the fiber
makes around the FREE in the relaxed configuration.

The assumption that a FREE is cylindrical with inextensible fiber-reinforcements implies that
changes in its radius, length, and twist are coupled via the right triangle relationship shown in Fig.

2.5. Therefore, its geometrical deformation can be fully defined in terms of just two parameters,
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Figure 2.5: (a) A FREE contains many parallel fibers, all part of the same fiber family. (b) One

isolated fiber forms a helical constraint. (c) The FREE radius r, twist A¢, and length change Al

are geometrically related via the right triangle formed by unwinding a fiber and laying it flat.

a change in its length Al and a twist about its main axis A¢. These two values constitute the

vector of generalized deformations ¢ = [Al, Agb]T. Consequently, the generalized torque vector

T=[F,M ]T describes a force along the main axis, F', and a torsional moment about that axis, M.
Using this notation, the length [, radius r, and volume v of a deformed FREE are given by the

following expressions:

l=1L1+Al 2.7)
B L+ Al
T:|27TN—|—A¢|\/1_( B ) ) (2:8)
o w(L 4 AN(B: = (L+ Al?)
v(q) =il = N+ Ao)? ) (2.9)

The fluid Jacobian, which is the partial derivative of volume v with respect to deformation q, then

evaluates to:

v m(B2=3(L+Al)?)  2m(L+Al)((L+Al)2-B?)
@) =50 = | N Vs . (2.10)
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2.2.2 Experimental Validation

The fluid Jacobian modeling approach was applied to two FREEs with fiber angle I' = 40°, radius
R = 5 mm, and lengths . = 80 mm and 144 mm. The Jacobian for each FREE was calculated
according to (2.10).

Data was collected so that model predictions could be compared to actual behavior. For each
FREE, one end was fixed while the other end was free to translate and rotate. The unconstrained
end of the FREE was connected to a rotary and linear encoder to measure displacement, as shown
in Fig. 2.6. A fixed torsional load was applied to the unconstrained end, then the gauge pressure
inside the FREE was slowly swept from 0 to 100 kPa while the displacement was recorded at
various points.

As stated in the previous section, we characterize the net force generated by a FREE to be the
sum of an energy transforming element and an energy storing element (2.4). The fluid Jacobian
provides a method for computing the force contribution of the energy transforming element 7, but
a model for the elastomeric force contribution 7, is still needed. For this example, we assume
that the elastomer tube acts as a coupled axial and rotational linear spring pair. This means that the

elestomer force can be expressed as a function of displacement in the following form:

Ky K| | Al
Telast(q) = Kelastq - (211)
Kl? K22 A(b

where K, 1S a symmetric linear stiffness matrix. The components K1, Ko, (55 for a partic-
ular FREE are identified via linear regression on actual system measurements according to the

following procedure:

1. Measure g; = [Al;, A¢;]" of the FREE over a set of K input pressures {p; € [0, 300]kPa}X ,

using the apparatus shown in Fig. 2.6.
2. Compute the active force 7,; = J, (q;)p; foreachi =1, ..., K.

3. Set Tejasti = —Tq,i» Since measurements were taken at static equilibrium and no external load
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Figure 2.6: With one end of a pressurized FREE fixed in place (not shown), this sensor test setup
uses linear and rotary encoders to measure the axial and rotational displacements of the other end.

was applied.

4. Define the following regression matrices:

(AL As, 0
Telast, 1 0 Aly Ay K
T= ol Q= : Fos Kyee = | Ky (2.12)
| Telast K | Alg A¢g 0 _K 22|
0 Alx Adx

5. Estimate the stiffness components K. as

Kyee = QT (2.13)

where T denotes the Moore-Penrose psuedoinverse.

We used this procedure to characterize the elastomer stiffness of our two FREEs. To evaluate
the quality of the resulting model, we compare its predictions with empirical data of the measured
rotation of one end of the FREE with respect to the other. All measurements were taken using the

testing setup shown in Figure 2.6.
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Figure 2.7 superimposes the predicted values generated by the model with those measured
empirically with several torsional loads applied across various input pressures. Only model pre-
dictions for rotation are evaluated, because the FREEs demonstrated negligible changes in length.
The error for each loading condition is quantified in Table 2.1.

The average model prediction error is less than 20° for all but one of the loading conditions.
This level of accuracy would not be sufficient for high-precision tasks, but has been shown to
enable coarser tasks such as opening a combination lock [24]. It should be noted that more accurate
predictions could be acheived using the fluid Jacobian approach if it is supplemented with a more
sophisticated elastomer model such as a continuum model [25, 59] or computed finite element

model [53, 60].

L =80mm, R =5mm, ' = 40° L =144 mm, R = 5mm, I' = 40°
300 ; 300 - T
No load No load e
——10 x10~% N-m ——10 x107°N —m Fu
200 - 19 x10~* N-m ’ 200 | 19 x10~* N-m L
——40 x107% N-m — 30 x107% N-m

100 1 100

Rotation, A¢ (degrees)
Rotation, A¢ (degrees)

0 20 40 60 80 100 0 20 40 60 80 100

Pressure, p (kPa) Pressure, p (kPa)

Figure 2.7: Predicted (-) and measured (*) rotation versus pressure for various torsional loads
applied to a single FREE. Results for the 80 mm and 144 mm long FREEs are shown on the left
and right, respectively.
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Table 2.1: Model Prediction Error for Single FREEs

Load (Nm) | Rotation Error (°)
Average | Std. Dev.
0x1073 13.5 8.2
g
g1 10x1073 18.9 10.8
2
Il 19x1073 19.4 11.3
=
40x1073 10.6 7.3
c 0x1073 18.3 16.3
E 10x1073 24.2 20.9
<t
I 19x1073 114 8.4
~ .
30x1073 13.1 134

2.3 Force Generation by Parallel Combinations of Fluid-driven
Actuators

We can extend the concept of a fluid Jacobian to systems with multiple actuators that are mounted
in parallel. Actuators that are mounted in parallel each have one end attached to a common ground
and the other rigidly attached to an end effector. The position and orientation of this end ef-
fector is given by a deformation vector x, and we assume that an inverse kinematics function
allows the computation of the state g; () for each individual actuator. To express forces and mo-
ments in a common reference frame, we define a body-fixed reference point and coordinate system
that are attached to the end effector (Fig. 2.8). Expressed in these coordinates, a position vec-

-
tor d; = {df d?e df} defines the point where the ith actuator is attached, and a unit vector

(2 K3

-
a; = {aﬂ?e a’e afe} , expresses the direction of the associated actuator axis.

Let 7, ; be the vector of generalized forces exerted by the ¢th actuator and expressed in end
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effector coordinates:

i
mo= B RS EE e ME ME| 214

where [ is the component of force along the x-axis of the end effector frame and M is the
moment about the x-axis of that frame. The components of this vector can be computed from the

axial force F; and twisting torque M; of the ith actuator as:
T
[Fx F}e F} = a;F;, (2.15)
and
-
{M{%e Mige Mfe] = |dix]a;F; + a;M;, (2.16)

where | d; x | is the matrix notation for the cross-product with d; defined as follows:

0 —dF d¥*
ldix|=|d* 0 —d¥|. (2.17)
—dl ds 0

Combining (2.15) and (2.16) into a single transformation yields:
Toi = DiTy i, (2.18)

where D; is the 6 x 2 matrix defined as follows:

~ |:&i 03><1:|

D; = (2.19)
{Ldixjdi O3><1} + |:03><1 di:|
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end effector

(a) (b)

Figure 2.8: (a) When multiple actuators are attached in parallel to the same end effector, shown
on the left, we must consider their relative positions and orientations. (b) This is determined by
the vector d; of the displacement of the attachment point of an actuator relative to the origin of the
end effector frame, and by the unit vector a; that is aligned with the actuator axis at the attachment
point, shown in the zoomed-in view on the right.

Since the actuators are mounted in parallel, the total force T, is the sum of the individual forces

of all n actuators connected to the end effector:
(@ p) = Toi= Y Didy(a)pi= Y J(x)p:, (2.20)
i=1 i=1

i=1

where J,; = Jq,ﬂ); is the fluid Jacobian of an individual actuator expressed in end effector
coordinates and p is the vector of all actuator internal pressure values.

This can be written compactly in matrix notation as

.(z,p) = J, (®)p, (2.21)
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with the overall fluid Jacobian J,:

T

Jo=|J5, L, - T, (2.22)

x,1

Equation (2.21) shows that the force capability of the parallel combination of multiple actuators
is a linear function of the pressures in the individual actuators. Since the fluid Jacobian .J, depends
on the end effector state x, the ability of such a system to generate forces at the end effector will
vary based on its displacement. For some values of & it may be possible to generate spacial forces
in multiple directions, while for others the span of possible forces may be narrower. The force
zonotope of a parallel combination of actuators, similar to the force ellipsoid of rigid manipulators,
describes the set of forces that can be generated at the end effector with a bounded set of input

pressures.

Definition 2.3.1 (Force Zonotope) For a parallel combination of n fluid-driven actuators, the
force zonotope is the set of active general forces that can be generated in a specific end effec-

tor state, x,

2(@) = {J]@p : p. € 0.9} (223)

max

where p!

max js the maximum pressure allowed for the i' actuator.

Note that the force zonotope is the convex hull of all spacial forces generated when p;, €
{0, p"*}. This makes it viable to compute using a convex hull algorithm. By calculating the
zonotope over a range of states, it can be used to verify that a given parallel actuator design is
capable of generating the desired forces over the range of its workspace.

The force zonotope is a useful tool for design of fluid actuated systems. For example, con-
sider the parallel combination of FREEs shown in Figure 2.9. Here, pairs of FREEs with opposite

chirality are connected to the two sides of an end effector. This end effector is constrained to

slide and rotate exclusively along and about its z-axis. Since the motion of the end-effector is
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two-dimensional, we would like to achieve controllable forces within these two dimensions; that
is, have control authority over F'*¢ and M#*¢. When constructing the zonotope one FREE at time
(Figure 2.9a-d), one can observe how all four FREEs are needed to achieve this control authority.
In particular, it becomes evident that to achieve full control in n dimensions, at least n + 1 individ-
ual FREEs are required in an antagonistic configuration. The additional FREE is needed because
these soft actuators cannot be driven with negative pressure hence they cannot produce bidirec-
tional forces. One can also observe that if the FREEs are chosen or arranged poorly such that
the directions in .J, do not cover the space of desired forces (such as in Fig. 2.9c¢), this minimum

number of actuators might not be sufficient.

2.4 Application: Parallel Combination of Fiber-Reinforced Elas-
tometic Enclosures

To demonstrate the viability of the fluid Jacobian modeling methodology for parallel combinations
of actuators, we show experimentally how, through the deliberate combination and configuration
of parallel FREEs, full control over 2-dimensional spacial forces can be achieved by using only the
minimum combination of three FREEs. To this end, we carefully chose the fiber angle I of each of
these actuators to achieve a well-balanced force zonotope (Fig. 2.10). We combined a contracting
and counterclockwise twisting FREE with a fiber angle of I' = 48°, a contracting and clockwise
twisting FREE with I' = —48°, and an extending FREE with I' = —85°. All three FREEs were

designed with a nominal radius of R = 5 mm and a length of L = 100 mm.

2.4.1 Experimental Setup

To measure the forces generated by this actuator combination under a varying state x and pressure
input p, we developed a custom built test platform (Fig. 4.3). In the test platform, a linear actuator
(ServoCity HDA 6-50) and a rotational servomotor (Hitec HS-645mg) were used to impose a 2-

dimensional displacement on the end effector. A force load cell (LoadStar RAS1-251lb) and a
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Figure 2.9: An end effector is driven by the parallel combination of two pairs of FREEs with
opposing chirality. The zonotope (grey areas) is the range of forces that can be produced by
applying strictly positive pressure to the individual FREEs. It is spanned by the individual force
vectors that each FREE produces at maximal pressure (plotted here in the color corresponding to
the FREE’s appearance in the diagram above). By constructing the zonotope for (a) one FREE, (b)
two FREEs, (c) three FREEs, (d) four FREEs in parallel, one can observe that all four actuators
are needed to gain full control authority over forces along and torques about the z-axis. In this
poorly designed system (with fiber angles and attachments points as shown in the top diagram),
the theoretical minimum of 3 actuators is not sufficient to achieve full control authority.
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Figure 2.10: In the experimental evaluation, we employed a parallel combination of three FREEs
(top) to yield forces along and moments about the z-axis of an end effector. The FREEs were
carefully selected to yield a well-balanced force zonotope (bottom) to gain full control authority
over F'* and M?#. To this end, we used one extending FREE and two contracting FREEs which
generate antagonistic moments about the end effector z-axis.
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Figure 2.11: This experimental platform is used to generate a targeted displacement (extension and
twist) of the end effector and to measure the forces and moments created by a parallel combination
of three FREEs. A linear actuator and servomotor impose an extension and a twist, respectively,
while the net force and moment generated by the FREEs is measured with a force load cell and
moment load cell mounted in series.

moment load cell (LoadStar RST1-6Nm) measured the end-effector forces F'* and moments M,
respectively. During the experiments, the pressures inside the FREEs were varied using pneumatic

pressure regulators (Enfield TR-010-g10-s).

The FREE attachment points (measured from the end effector origin) were measured to be:

- T

di = (0.013 0 01 m (2.24)
a T

dy = |—0.006 0.011 0] m (2.25)
a T

d; = |-0.006 —0.011 0] m (2.26)

All three FREEs were oriented parallel to the end effector z-axis:

.
ai:{o 0 1} . fori=1,2,3 (2.27)
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Based on this geometry, the transformation matrices D; were given by:

- T

001 0 —0.013 0
D, = (2.28)

0000 0 1

0 0 1 0.011 0.006 0
Dy = (2.29)

000 O 0 1

0 01 —-0.011 0.006 O
Dy = (2.30)

000 0 0 1

These matrices were used in equation (2.20) to yield the state-dependent fluid Jacobian J, and to

compute the resulting force zontopes.

2.4.2 Isolating the Active Force

To compare our force predictions (which focus only on the active forces induced by the fibers) to
those measured empirically on the physical system, we had to remove the net elastic force due to
the elastomer composition of each of the FREEs. Under the assumption that the elastomer force is
merely a function of the displacement x and independent of pressure p [24], this force component

can be approximated by the measured end effector force T, meas at a pressure of p = 0. That is:

Tz,elast(w> = Tx,meas(wa O) (231)

With this, the active generalized forces were measured indirectly by subtracting off the force gen-

erated at zero pressure:

Tx(ma p) = Tx,meas(ma p) - Toameas(my 0) (232)
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2.4.3 Experimental Protocol

The force and moment generated by the parallel combination of FREEs about the end effector
z-axis was measured in four different geometric configurations: neutral, extended, twisted, and
simultaneously extended and twisted (see Table 2.2 for the exact deformation amounts). At each

of these configurations, the forces were measured at all pressure combinations in the set

T
113
P = { |:Oél Qg 043} Py = {0717571,1}} (2.33)

= 103.4kPa. The experiment was performed twice using two different sets of FREEs

max

with p
to observe how fabrication variability might affect performance. The results from Trial 1 are

displayed in Fig. 4.7 and the error for both trials is given by Table 2.2.

2.4.4 Results

@Al=0,A¢g=0  (b)Al=5mm,Ap=0 (c)Al=0,A¢=20° (d) Al =5mm,A¢p = 20°

~~~
5 0.08- ‘ “ Predicted -
Z = * Measured
é‘aé 3
:’ 0.04 I\ . Lo 3 _:A
N o 4 0O oy 3.
2 0 ottt e g e S
- i & e e o _‘-:f WV,
o oo s & 2
19}
g 008
o
s 42 6 0 6 12 12 % 0 6 12 12 6 0 6 12
Force, F'*¢ (N) Force, F'*= (N) Force, F'*= (N) Force, F'*= (N)

Figure 2.12: For four different deformed configurations (top row), we compare the predicted and
the measured forces for the parallel combination of three FREEs (bottom row). Data points and
predictions corresponding to the same input pressures are connected by a thin line, and the convex
hull of the measured data points is outlined in black. The Trial 1 data is overlaid on top of the the-
oretical force zonotopes (grey areas) for each of the four configurations. Identical colors indicate
correspondence between a FREE and its resulting force/torque direction.
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For comparison, the measured forces are superimposed over the force zonotope generated by
our model in Fig. 4.7a- 4.7d. To quantify the accuracy of the model, we defined the error at the 5"

evaluation point as the difference between the modeled and measured forces

65 = <F;;2er,j - Frflf—:as,j) (234)
M Ze Ze
el = (Minay = M, ) (2.35)

and evaluated the error across all N = 125 trials of a given end effector configuration. As shown in
Table 2.2, the root-mean-square error (RMSE) is less than 1.5N (8 x 1072 Nm), and the maximum

error is less than 3N (19 x 1073 Nm) across all trials and configurations.

Table 2.2: Root-mean-square error and maximum error

Disp. RMSE Max Error

(mm,°) || F(N) | M(Nm) | F(N) M (Nm)

0,0 1.13 | 38x 1072 | 296 | 7.8 x 1073

‘_c:; 5,0 0.74 | 32x 1073 | 2.31 | 7.4 x 1073
E 0, 20 1.47 | 6.3x 1073 | 2.52 | 15.6 x 1073
5,20 1.18 [ 4.6 x 1073 | 2.85 | 12.4 x 1073
0,0 0.93 [ 6.0x 1072 | 1.90 | 13.3 x 1073
% 5,0 1.00 | 7.7x 1073 | 297 | 19.0 x 1073
E 0,20 0.77 | 6.9x 1073 | 2.89 | 15.7 x 1073

5,20 0.95 | 53x 1073 | 222 | 13.3x 1073

It should be noted, that throughout the experiments, the FREE with a fiber angle of —85° exhib-
ited noticeable buckling behavior at pressures above ~ 50 kPa (Fig. 2.13). This behavior was more
pronounced during testing in the non-extended configurations (Fig. 4.7a and 4.7¢). The buckling
might explain the noticeable leftward offset of many of the points in Fig. 4.7a and Fig. 4.7¢c, since

it is reasonable to assume that buckling reduces the efficacy of of the FREE to exert force in the
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Figure 2.13: At high fluid pressure the FREE with fiber angle of —85° started to buckle. This effect
was less pronounced when the system was extended along the z-axis.

direction normal to the force sensor.

2.4.5 Discussion

We envision the force zonotope becoming an instrumental tool in the design of soft robotic systems.
This approach could be used to choose a suitable arrangement of FREEs to actuate a compliant
manipulator arm, soft orthotic device, or any other application where a custom force profile is de-
sired. Here, we used it to systematically arrange the three FREEs in the experimental validation
to ensure that the forces and torques created by the individual actuators covered all desired dimen-
sions. Furthermore, studying the zonotope as a function of state (Fig. 2.14) allows us to make
predictions about the achievable workspace of a soft robotic system. For example, the zonotope
of the experimental system presented in this work will collapse for compressions of more than
-10 mm. Beyond this point, it will become impossible to create contracting axial forces.

The fluid Jacobian and force zonotope models captures the physical behavior of FREEs well
enough to be useful in the design of robotic applications. However, several modeling assumptions
limit its accuracy and precision as they might be needed for high-fidelity control. First, FREEs are
assumed to be cylindrical. This assumption introduces inaccuracy when a FREE is bent, buckled,
or kinked, requiring the development of further models to predict the conditions under which these
undesirable behaviors will occur. Fortunately, the fluid Jacobian approach is not inherently limited

to cylindrical models and could be extended to more complicated geometrical descriptions of a
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Figure 2.14: A visualization of how the force zonotope of the parallel combination of three FREEs
(see Fig. 4.3) changes as a function of the end effector state x. One can observe that the change
in the zonotope ultimately limits the work-space of such a system. In particular the zonotope
will collapse for compressions of more than -10 mm. For scale and comparison, the convex hulls
of the measured points from Fig. 4.7 are superimposed over their corresponding zonotope at the
configurations that were evaluated experimentally.
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FREE. A second, more fundamental assumption is that the model does not explicitly describe
the elastomer contributions to force. That is, our approach must be supplemented with a suitable
elastomer model to fully capture the force characteristics of of FREEs. While this was not the
focus of the current work, such a model could be linear based on empirical data [24], derived as a
continuum model from first principles [25], or computed via finite element analysis [53].

For soft robots to leverage the advantages in maneuverability, safety, and robustness of non-
rigid structures, they require actuators that do not inhibit their compliance. A soft actuator such
as a FREE meets this criterion because it generates a spacial force without constraining motion
to occur in the direction of that force. A FREE also has the added benefit of a customizable
force direction based on fiber angle; a property that was explicitly exploited in this work. Parallel
combinations of FREEs can be constructed to generate arbitrary spacial forces while still retaining
compliance. By characterizing the forces generated by parallel combinations of FREEs, this work

lays the foundation for future applications of complex soft robotic manipulators.
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CHAPTER 3

Data-driven Modeling

Recently, data-driven modeling techniques have emerged as a powerful tool to address the chal-
lenge of modeling soft robots. A primary benefit of these techniques is that a description of an
input-output relationship can be obtained from system observations without explicitly defining a
system state. This is especially useful for obtaining reduced-order models of continuum robots that
have essentially infinite-dimensional kinematics, without making simplifying physical assump-
tions such as piecewise constant curvature [18], pseudo-rigid-body mechanics [19], quasi-static
behavior [39, 29, 22, 23], or simplified geometry [59, 24, 25, 26]. A potential downside of data-
driven modeling is that it requires system behavior to be observed under a wide range of operating
conditions, including those that may be dangerous to a robot or its surroundings. Fortunately,
compared to conventional rigid-bodied robots, soft robots pose much less of a physical threat to
themselves and their surroundings. It is therefore possible to automatically and safely collect data
under a wide range of operating conditions, making soft robots well suited for data-driven model-
ing approaches.

Soft robots exhibit dynamical behaviors that are distinctly nonlinear [7]. Unfortunately, identi-
fying a nonlinear dynamical model from data typically consists of solving a nonlinear, non-convex
optimization problem, for which global convergence is not guaranteed [30]. Furthermore, most
nonlinear system identification methods require the manual initialization and tuning of training
parameters, which have an obscure impact on the resulting model. A neural network, for example,

may be able to capture the nonlinear behavior of a soft robot [61]; however, its accuracy depends
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Figure 3.1: By providing an infinite-dimensional linear representation of a dynamical system,
Koopman operator theory enables linear system identification of nonlinear systems. This process
proceeds in three steps, as described in Section 3.1: (1) Measured states of the system are lifted to
the space of real-valued functions of the state and input. (2) Least-squares regression is performed
on the lifted data to obtain an approximation of the Koopman operator, /.. (3) An approxima-
tion of the nonlinear vector field F' can then be obtained via its one-to-one relationship with the
Koopman operator.
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on the number of hidden layers, number of nodes per layer, activation function, and termination
condition used during training, which must be selected through trial and error until acceptable re-
sults are achieved. Linear model identification, on the other hand, does not suffer from the typical
shortcomings of nonlinear identification since linear models can be identified via linear regression
[62], but linear models are poorly suited to capture the nonlinear behavior of soft robots.

This chapter describes a method to generate data-driven dynamical models of soft robots via
linear regression that actually do capture their nonlinear behavior (see Fig. 3.1). This approach
relies on the idea of lifting nonlinear dynamical systems to an infinite-dimensional function space
where those systems have a linear representation. In this space, it is possible to describe the
dynamical behavior of a system by a linear operator rather than a nonlinear vector field [32]. This
linear operator, called the Koopman operator, is identified via linear regression [35], so it does not
suffer from the convergence and tuning problems that are characteristic of neural networks and
other nonlinear system identification methods.

Our primary contribution is demonstrating, on a real soft robotic system, a data-driven method
for constructing globally valid dynamical models that does not require the manual tuning of many
training parameters. To do so, we apply a Koopman-based system identification method similar to
that described in [63] and [64] to create a dynamical model of a soft robot arm and verify that it
captures the system’s true dynamical behavior better than the models generated by several other
state-of-the-art nonlinear system identification methods including a neural network, a nonlinear
auto-regressive with exogenous inputs model (NLARX), a nonlinear Hammerstein-Wiener model,
and a linear state space model.

The rest of this chapter is organized as follows: In Section 3.1 we formally introduce the Koop-
man operator and describe the system identification method. In Section 3.2 we apply the method
to a simulated rigid-body system and explore the differences between several model realizations
that can be constructed using the Koopman approach. In Section 3.3 we apply the method to a real
soft robot system and compare the identified model’s performance to that of several other mod-

els generated by various state of the art nonlinear system identification techniques. Most of the
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contents of this chapter originally appeared in [40], but an attempt has been made to clarify and
expand upon the original exposition of the material. Notably, this work introduces the concept of
bilinear model realizations, and presents new simulation results which were absent in the original

text.

3.1 Koopman-based System Identification Method

This section presents an overview of a system identification method to construct state space mod-
els of nonlinear controlled dynamical systems from input-output data. Rather than describing the
evolution of a dynamical system’s state directly, which may be a nonlinear mapping, the Koopman
operator describes the evolution of scalar-valued functions of the state, which is a linear map-
ping in the infinite-dimensional space of all scalar-valued functions. A matrix approximation of
this Koopman operator acting over a finite-dimensional subspace of scalar-valued function can be
identified using least-squares regression on data. Then, a state space model can be constructed
from the Koopman matrix. The Koopman operator is defined in Section 3.1.1, the process used
to identify the Koopman matrix from data is described in Section 3.1.2, and methods for realizing
linear, bilinear, and nonlinear state space models from a Koopman matrix are described in Section

3.1.3.

3.1.1 The Kooman Operator

Consider an input-output system governed by the following differential equation for the output:

y(t) = F(y(t), u(t)) 3.1)

where y(t) € Y C R™ is the output and u(t) € U C R™ is the input of the system at time
t € [0,400), F is a continuously differentiable function, and Y and U are compact subsets.

Denote by ¢, : Y x U — Y x U the flow map, where ¢.(y(0),u(0)) = (y(7),u(0)) and y(7)
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is the solution to (3.1) at time 7 when beginning with the initial condition y(0) at time 0 and a
constant input «(0) applied for all time between 0 and 7.

The system can be lifted to an infinite-dimensional function space JF composed of all square-
integrable real-valued functions with compact domain Y x U C R™ ™. Elements of F are called
observables. In F, the flow of the system is characterized by the set of Koopman operators
K, : F — F, for each 7 > 0, which describe the evolution of the observables f € F along

the trajectories of the system according to the following definition:

ICTf = f © ¢T? (32)

where o indicates function composition. A consequence of this definition is that for a specific time
step 7, the Koopman operator K, defines an infinite-dimensional linear discrete dynamical system

that advances the value of an observable by 7,

f(y(t+7_)7,&’) - ICTf(y(t)aﬂ) (3.3)

where @ is a constant input over the interval [t, ¢+ 7]. Since this is true for any observable function
f, the Koopman operator can be used to advance the output itself by applying it to the set of
functions { f; : fi(y(t), @) = y;(t)}"_, where y;(t) represents the i component of the vector y(t),

advancing their values according to (3.3), and stacking the results as a vector:

’CTfl (y(t)7 ,&’)
ylt+71) = : ) (3.4)

K:fo (y(t),a)

In this way, the Koopman operator provides an infinite-dimensional linear representation of a non-

linear dynamical system [32]. For a specific sampling time 7 = T, (3.4) can be rewritten as a
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discrete dynamical system using the following bracket notation

’CTsfl (y[l]’ ’&’)
yli+1] = : (3.5

ICTS fn (y[iL ﬁ’)

where @ € N is the discrete time index and y[i] = y(iT5). In the remainder of this document,
square brackets occurring after a time domain function will be used in this way to denote a discrete

time index.

3.1.2 Identification of the Koopman Operator from Data

Since the Koopman operator is an infinite-dimensional object, we have to settle for its projection
onto a finite-dimensional subspace, which can be represented as a matrix. Using the Extended
Dynamic Mode Decomposition (EDMD) algorithm [35, 63, 64], we identify a finite-dimensional
matrix approximation of the Koopman operator via linear regression applied to observed data. The
remainder of this subsection describes the mathematical underpinnings of this process.

Define F C F to be the subspace of F spanned by N > n + m linearly independent basis
functions {¢; : Y x U — R}, and define the lifting function ) : Y x U — RY as:

T

77Z}(ﬂ7ﬁ'> = 7/&(377"1) ¢N@,"1) ) (3.6)

where § € Y and @ € U. Any observable f € F can be expressed as a linear combination of the

basis functions

f=6pr+ -+ 0y (3.7)
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where each 6; € R is a constant. Thus f evaluated at ¢, & can be concisely expressed as

f(g,a)=0"y(y,a) (3.8)

where 0 := [0, --- Ox]T acts as the vector representation of f.
Given this vector representation for observables, a linear operator on F can be represented as
an N x N matrix. We denote by K, € RV*N the approximation of the Koopman operator on F,

which operates on observables via matrix multiplication:

K.0=6 (3.9)

where 0,8’ are each vector representations of observables in F. Our goal is to find a X, that
describes the action of the infinite dimensional Koopman operator K, as accurately as possible in
the L2-norm sense on the finite dimensional subspace F of all observables.

For K, to perfectly mimic the action of /. on any observable f € F C F, according to (3.2)

the following should be true forally € Y and u € U,

K. f(g,a) = fo¢(y,u) (3.10)
(K-0)"¢(g,u) =09 o ¢, (g, a) (3.11)
Klp(g,a) = oo (g,a), (3.12)

where (3.11) follows by substituting (3.8) and (3.12) follows since the result holds for all f . Since
this is a linear equation, it follows that for a given € Y and @ € U, solving (3.12) for K, yields

the best approximation of K on F in the L?-norm sense [65]:

K- = (w@,ﬁ)T)T (¥ oo-(g,0)" (3.13)

where superscript  denotes the Moore-Penrose pseudoinverse.
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To approximate the Koopman operator from a set of experimental data, we take /K discrete

measurements in the form of so-called “snapshots” {a® b*) 4 }K where

a® = y[i®] (3.14)

b® = y[i® 4+ 1], (3.15)

k) is the constant

i*) denotes the discrete time index corresponding to the k" measurement,
input applied between a*) and b*), and T}, is the sampling period, which is assumed to be identical
for all snapshots. Note that consecutive snapshots do not have to be generated by consecutive

measurements. We then lift all of the snapshots according to (3.6) and compile them into the

following K x N matrices:

(W, ub)T BB, w7
U, = : , U, = : : (3.16)

$(alk,ul)T BB, ul)T

Kr, is chosen so that it yields the least-squares best fit to all of the observed data, which, following

from (3.13), is given by

Kp, = U0, (3.17)

According to Newton’s Laws, the dynamics of mechanical systems are described by second
order differential equations. Expressed in state space form, the state of such a system includes
both the positions and velocities of a set of generalized coordinates. Therefore, when identifying
the dynamics of a mechanical system from data, it is prudent to include velocities in the state. For
a discrete system representation, velocity information can be included to by incorporating a delay
into the set of snapshot pairs, since it encodes the change in the value of the measured state over a

single time step. To incorporate these delays, we can modify the snapshots to have the following
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form

yli™)] y[i® + 1]
(k) — (k) —d 41
a® = vli ] , b = yli ] (3.18)
wli® —1] wli® — 1]
wli® — d] uli® — ]

where d is the number of delays. We then modify the domain of the lifting function such that
P R(n+mtmd)xm RN (6 accommodate the larger dimension of the snapshots. Once these
snapshots have been assembled, the Koopman matrix identification procedure is identical to the

case without delays.

3.1.3 Model Realizations

The Koopman operator advances the values of real-valued functions along trajectories of a dynam-
ical system, but does not directly describe the evolution of the system itself. This section describes
how to utilize a matrix approximation of the Koopman operator to construct model realizations
that describe the input-output behavior of a system.

Section 3.1.3.1 describes how to construct linear model realizations. Linear models are desir-
able for many reasons, primarily due to their compatibility with computationally efficient linear
control design techniques. The theory for controlling linear dynamical systems is mature and there
are many off-the-shelf software tools available for linear control applications. Furthermore, opti-
mal control problems for linear systems are convex, meaning that they have unique globally opti-
mal solutions which can often be computed quickly enough for use in real-time control schemes.

The downside of linear realizations is that they require a severe restriction on the choice of basis
functions used for approximation of the Koopman operator. Specifically, no nonlinear functions of

the input can be included. For some systems, this restriction fundamentally limits the accuracy of
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the model, no-matter how many basis functions are included in the set.

Section 3.1.3.1 describes how to construct bilinear model realizations. Bilinear models are
similar to linear models but with the addition of terms that are products of the state and input.
They require a less severe restriction on the choice of basis functions, endowing them with a
greater expressiveness than strictly linear models.

The downside of bilinear realizations is they are not compatible with linear control design tech-
niques, and optimal control problems for bilinear models are not convex. However, bilinear models
do still have some useful structure that can be exploited for computational efficiency. Specifically,
they are linear with respect to the state for a fixed input, and linear with respect to the input for
a fixed state. Thus, linear control algorithms actually can be applied indirectly to bilinear sys-
tems within a suboptimal optimization framework. Bilinear systems strike a balance between the
computational efficiency of linear systems and the expressiveness of fully nonlinear systems, mak-
ing them an attractive option for representing systems for which linear models are insufficient but
closed-loop controllability is still desired.

Section 3.1.3.1 describes how to construct nonlinear model realizations. Nonlinear models can
be constructed from arbitrary sets of basis functions, making them the most expressive of the three
realizations presented. Nonlinear model realizations tend to be the most accurate, but the least
computationally efficient for control applications. They are wholly incompatible with linear con-
trol design techniques, and nonlinear optimal control problems are non-convex, initialization de-
pendent, and do not have convergence guarantees. This makes them suitable for open-loop control

applications where accurate predictions are required, but not suitable for closed-loop applications.

3.1.3.1 Linear Model Realization Based on the Koopman Operator

We can use the Koopman operator to construct discrete linear models of dynamical systems with

inputs of the form

z[i + 1] = Az[i] + Buli]
(3.19)
yli] = Cz[i]
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foreach: € N, where y[0] € Y C R" is the initial output, z[0] is the initial state, and u[i| € U C R™
is the input applied between at the ™ and (i + 1)™ steps. Specifically, we desire a representation
in which the input appears linearly, because models of this form are amenable to real-time, convex
optimization techniques for feedback control design, as we describe in Section 4.1.

With a suitable choice of basis functions {t; }¥,, the Koopman matrix 7, can be constructed
such that it is decomposable into a linear system representation like (3.19). One way to achieve
this is to define the first N — m basis functions as functions of the output only, and the last m basis
functions as indicator functions on each component of the input. For some y € Y and u € U we

define the basis functions as,

vi(g,a) =gi(y), Vie{l,...,N—m} (3.20)

Vi(g,a) =a;, Vie{N—-m+1,... N} (3.21)

where ¢g; : R — R and u; denotes the i element of . This choice ensures that the input only
appears in the last m components of the lifted vector ¥ (g, @), and an N — m dimensional lifted
state can be defined as zZ = g(g) € RY~™, where g : R® — RY~" is defined as

9@) = |0(3) - gx-m@)| - (3.22)

Following from (3.17), the transpose of ICr, is the best transition matrix between the elements
of the lifted snapshots in the L?-norm sense. This implies that given the lifting functions defined

in (3.20) and (3.21), K7, is the minimizer to

2
K () ()
min » ||KT g(a™)| _ |9(™) : (3.23)
K k=1 u(k)
2

Also note that given z[i] = g(y[i]) is the state of our linear system (3.19), the best realizations of
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Algorithm 1: Koopman Linear System Identification
Input: A, {a® b®} and u® fork =1,.., K
Step 1: Lift data via (3.16) B
Step 2: Approx. Koopman operator Cr, via (3.17) or (3.48)
Step 3: Extract model matrices A, B via (3.25)
Step 4: (optional) Identify projection operator P via (3.51)
Output: A, B, C := |:]n><n Onx(N—n):|a

(optional) A := PA, B := PB

A and B in the L?-norm sense are the minimizers to

(3.24)

By comparing (3.23) and (3.24), one can confirm that A and B are embedded in l@Ts and can be

isolated by partitioning it as follows:

_ A —m —m B —m)Xm
Ky, = {(N-m)x(N—m)} D{(N-m)xm} (3.25)

Ofmx(N=m)} Iimsemy

where [ denotes an identity matrix, O denotes a zero matrix, and the subscripts in curly brackets
denote the dimensions of each matrix.
For convenience, we can define the first n basis functions as indicator functions on each com-

ponent of the output, i.e.

g(g) =9 Vie{l,....n}. (3.26)

Then, the output matrix C' is defined as the matrix which projects the first n elements of the state

onto the output-space,

¢= I{nxn} O{nx(N—n)} : (3.27)
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3.1.3.2 Bilinear Model Realization Based on the Koopman Operator

We can use the Koopman operator to construct discrete bilinear models of dynamical systems with

inputs of the form
m

zli + 1] = Az[i] + Buli] + Y H;z[iu,i]
Jj=1 (3.28)

yli] = Cz[i].
for each i € N, where y[0]n is the initial output, z[0] is the initial state, and u;[i] denotes the j™
component of the input applied between at the i and (i + 1)™ steps. This model is simultaneously
linear with respect to the input and linear with respect to the state, but it includes terms that are
products of the state and input.

With a suitable choice of basis functions {wl}f\i(lm O the Koopman matrix Kr, can be con-
structed such that it is decomposable into a bilinear system representation like (3.28). The first NV
basis functions {g; : R® — R}, are defined as functions of the output only, the next N'm basis
functions are defined as the product of the first /V basis functions and each component of the input,

and the last m basis functions are defined as indicator functions on each component of the input.

For some y € Y and u € U the basis functions have the following form,

(

9:(9) ie{l,.., N}
9i-N(Y) U i€{N+1,..,2N}
Vi(y,u) = : (3.29)

GioNm(Y) Uy, 1 €E{Nm+1,..,N(m+1)}

\ﬂ'i—N(m-q—l) i€ {Nm+1)+1,..,N(m+1)+m}

We desire the lifted state to be defined in terms of the system outputs only. Thus, we define the
lifted state z corresponding to an output y to be the vector composed of the first N basis functions

evaluated at g, i.e. Z = g(y) € RY, where g : R” — R is defined as the vector concatenation of
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the first NV basis functions,

99) = g9 - gv(@)| - (3.30)

Following from (3.17), the transpose of KCr, is the best transition matrix between the elements
of the lifted snapshots in the L2-norm sense. This implies that given the lifting functions defined

in (3.29), Kr, is the minimizer to

r . r 1112
g(a®) g(b®)
k
. g@®)u?| | g0®)u”
min » " ||KT : — : (3.31)
K
k=1
gla®yup’ | | g(b®)uly
u® u®
L . L J4 112

Also note that given z[i] = g(y[i]) is the state of our bilinear system (3.28), the best realizations

of A, B, and {H;}, in the L*-norm sense are the minimizers to

2
K

~ min Z Ag(a™) 4+ Bu® + Zﬁjg(a(k))ugk) —g(b™) (3.32)
Ava{Hj};nzl k=1 j=1 9

By comparing (3.31) and (3.32), one can confirm that A , B , and {H j}}n:1 are embedded in Kr,

and can be isolated by partitioning it as follows:

K = Avxny Higvxny 0 Hovxny Bivsom) (3.33)

where the subscripts in curly brackets denote the dimensions of each matrix.
Just as with the linear model realization, we can simplify the projection from the lifted state to

the output by defining the first n basis functions as indicator functions on each component of the
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Algorithm 2: Koopman Bilinear System Identification
Input: A, {a® b®} and u® fork =1,.., K
Step 1: Lift data via (3.16)
Step 2: Approx. Koopman operator Ky, via (3.17) or (3.48)
Step 3: Extract model matrices A, B, { H;}7., via (3.33)
Step 4: (optional) Identify projection operator P via (3.51)

Output: A, B, {H;}7",,C = |:In><n OnX(N—n)]9
(optional) A= PA, B = PB, {f{]};nzl = {PHj};‘nzl

output, i.e.

(@) =g Vie{l,.. . n}k (3.34)

Then, C' is defined as the matrix which projects the first n elements of the state onto the output-

space,

C=1Inxny Opx(n-ny| - (3.35)

3.1.3.3 Discrete Nonlinear Model Realization

We can use the Koopman operator to construct discrete nonlinear models of dynamical systems

with inputs of the form

yli + 1] = T(yli], uli]) (3.36)

foreachi € N, where T': Y x U — R" is a (nonlinear) discrete map, y[0] is the initial output and
w|i] is the input applied between the i and (i + 1) steps.
This representation admits nonlinear input terms, so we allow all of the basis functions to

depend on both the input and output {1; : Y x U — R}, except for the first n basis functions
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which are specified to be indicator functions on each component of the output, i.e.

vi(g,a) =19 Vie{l,..,n} (3.37)

for some g € Y. Hence, the lifting function 7 : Y x U — R is defined as

<

¢N<ga ﬂ')

forsomey € Y andu € U.
Following from (3.17), the transpose of K7, is the best transition matrix between the elements

of the lifted snapshots in the L?-norm sense. This implies that K7, is the minimizer to

- - - a2
a® b(*)
K|l et (@® ) it (D) (k)
m}nz ]CT ¢ +1( ) _ 'lp +1< ) (339)
Ay : :
Py (a® u®) P (b 4 )
L _ L A2

Therefore, the discrete map T' : Y x U — R™ that best describes the transition from a*) to b*)
in the L2-norm sense over all k can be constructed by isolating the first n rows of the transpose of

the Koopman matrix K7, and multiplying by the lifting function 1,

T(9,%) = |Ijpny Oppx(vnyy | Kr,% (9, ) (3.40)

where I denotes an identity matrix, O denotes a zero matrix, and the subscripts in curly brackets
denote the dimensions of each matrix. Algorithm 3 summarizes this discrete nonlinear system

identification process.
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Algorithm 3: Koopman Nonlinear System Identification (Discrete)
Input: A, {a® b®} and u® fork =1,.., K
Step 1: Lift data via (3.16)
Step 2: Approx. Koopman operator Ky, via (3.17) or (3.48)
Step 3: Identify discrete map 1" by (3.40)
Output: T: Y x U — R"

3.1.3.4 Continuous Nonlinear Model Realization

So far we have only introduced methods for constructing discrete model realizations from a matrix
approximation of the Koopman operator, but a Koopman matrix can also be used to identify a

continuous nonlinear dynamical model of the form

y(t) = F(y(t), u(t)) (3.41)

fort > 0, where F' : Y x U — R™ is a (nonlinear) continuous map, y(0) is the initial output and
u(t) is the input applied at time ¢. Using the same lifting function (3.38) defined in the previous
section, the Koopman operator is once again approximated using least-squares regression via (3.16)
and (3.17).

To construct a model in the form of (3.41), we introduce the infinitesimal generator of the
Koopman operator G : F — F [66, Equation 7.6.5], which is defined in terms of the vector field

F as,

G=F.V, (3.42)

This generator describes the dynamics of the observables along trajectories of the system, whereas
the set of Koopman operators describes the flow of observables. Framed in terms of the more
familiar context of finite-dimensional linear systems, an observable is analogous to the state, G
is analogous to the A matrix describing the dynamics of the state, and XC; is analogous to the
state-transition matrix for time ¢. The state-transition matrix of a finite-dimensional linear system

is related to its A matrix via the matrix exponential, and similarly, the relationship between the
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Koopman operator and its generator is given by the following matrix exponential expression:
Ki=e"=) —G (3.43)

With an approximation of the Koopman operator Kr, in hand, we can solve for its infinitesimal

generator G by inverting (3.43):

1 _
G = T log Ky, € RVXN (3.44)

where log denotes the principal matrix logarithm [67, Chapter 11]. Note that the principal matrix
logarithm is only defined for matrices whose eigenvalues all have non-negative real parts, and
that K7, may have zero or negative eigenvalues when the number of data points is too small [63].
Therefore this method might fail if the number of data points is insufficient. In this instance, more
system measurements can be taken to resolve the issue.

With G known, (3.42) can be used to identify F'. Consider G applied to an observable f € F
at some point (g, ) € Y x U. According to (3.42), this is equivalent to the inner product of the

vector field F and the gradient of f with respect to y:

Using 8 to denote the vector representation of f from (3.8) yields the following equivalent expres-

sion,

(GO (g, 1) = BT%Z’{‘)F@, ). (3.46)

We seek the vector field F' such that (3.46) holds as well as possible in the L?-norm sense for

all observed data. Therefore, we choose the least-squares solution to (3.46) over the set of all
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Algorithm 4: Koopman Nonlinear System Identification (Continuous)
Input: A, {a® ™Y and u® fork =1,..., K
Step 1: Lift data via (3.6)
Step 2: Approx. Koopman operator Ky, via (3.17) or (3.48)
Step 3: Identify infinitesimal generator G by (3.46)
Step 4: Solve for vector field F' via (3.47)
Output: F: Y xU — R"

snapshots, which is given by

op(aV) u) ! ar
oy

F = : s . (3.47)

O (af) uF)) ~T
oy G

Algorithm 4 summarizes this continuous nonlinear system identification process. For a more thor-

ough treatment, see [63, 64].

3.1.4 Practical Considerations
3.1.4.1 Opverfitting and Sparsity

A pitfall of data-driven modeling approaches is the tendency to overfit. While least-squares regres-
sion yields a solution that minimizes the total L?-norm error with respect to the training data, this
solution can be particularly susceptible to outliers and noise [68]. To guard against overfitting to
noise while identifying K1, we utilize the L'-regularization method of Least Absolute Shrinkage

and Selection Operator (LASSO) [69]:

— . - 7 = 9 e
Krg

1 (3.48)

where A € R™ is the weight of the L' penalty term, and ~ denotes a vectorized version of each
matrix with dimensions consistent with the stated problem. For A = 0, (3.48) provides the same

unique least-squares solution as (3.17); as A increases it drives the elements of I@TS to zero. For an
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Figure 3.2: An illustration of the effect of deviating from the image of the lifting function M
and how it can be remedied by defining a projection operation as described in Section 3.1.4. The
evolution of the finite-dimensional system in the output space Y from y[0] is depicted as a red
curve. The lifted version of this evolution is depicted as the blue curve which is contained in
M. The discrete time system representation in the higher-dimensional space created by iteratively
applying the state matrix A to z[i] may generate a solution that is outside of M. Though one can
still apply C' to Z to project it back to Y, this may result in poor performance. Instead, by projecting
z[i] onto the manifold at each discrete time step to define a new lifted state 2[i], the deviation from
M is reduced, which improves overall predictive performance.
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overview of the LASSO method and its implementation see [69].

The benefit of using L'-regularization to reduce overfitting rather than L2-regularization (e.g.
ridge regression) comes from its ability to drive elements to zero, rather than just making them
small. This promotes sparsity in the resulting Koopman operator matrix (and consequently the A
and B matrices of the linear model). In addition to reducing model complexity, sparsity is also
desirable because it reduces the memory needed to store model matrices on a computer, enabling
a higher dimensional set of basis functions to be used to construct the lifting function 1.

Though sparsity is desirable, it can carry a cost in prediction accuracy. Consider a linear re-
alization of the form (3.19) and let M denote the image of g, which maps an output y to its
corresponding lifted state z. Because A, B are data-driven approximations, there is no guarantee
that Ag(yl[i]) + Buli] will map onto M for all 4. In other words, advancing the lifted state forward
in time using the identified linear model matrices A, B may cause it to leave the space of “legit-
imate” lifted states. Deviating from this space will incur prediction error when projecting back
down into the output space. This effect is illustrated in Fig. 3.2 for a system with zero input. As
model sparsity increases, so does the magnitude of deviations from M, and consequently predic-
tion error increases as well. To minimize this prediction error induced by sparsity, we desire a way
to minimize the distance from M at each iteration.

For a linear model realization in the form of (3.19), this can be accomplished by applying a
projection operator at each time step. For each snapshot pair, the ideal projection operator P should

satisfy the following for all &

p (Ag(a(k)) + Bu(’“)) — g(b®) (3.49)
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To build an approximation to this operator, we construct the following K x N matrix,

.
(Ag(a(l)) + Bu(1)>
0, = : . (3.50)

Ag(a¥)) + BuX) !
( )

Then the best projection operator in the L?-norm sense based on our data is given by
T
Pi=(9w,) . (3.51)

Composing P with the A and B matrices in (3.19) yields a modified linear model that reduces the

distance from M at each iteration,

~ A

2i + 1] = Az[i] + Buli] (3.52)

where A := PA and B := PB. Algorithm 1 summarizes the proposed linear model construction
process with this added projection.
For a bilinear model realization in the form of (3.28), the same procedure can be applied. In

this case, the ideal projection operator P should satisfy the following for all k&

P | Ag(a®™)+ Bu® + 3" Hig(a®)ul” | = g(b™®). (3.53)

j=1

If we construct a K x N matrix

.
<Ag(a(1)) + Bu® + > ng(a(l))uy))
Q, = : , (3.54)

:
(Ag(@™) + Bul® + 37", Hyg(al)ul)

then the best projection operator in the L?-norm sense based on our data is given by (3.51). Com-
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posing P with the A, B, and {H;}7., matrices in (3.28) yields a modified bilinear model that

reduces the distance from M at each itearion,
2li+ 1] = Az[i] + Buli] + Y _ H;ziu;[i] (3.55)
j=1

where where A := PA and B := PB, and H ; = PH;. Algorithm 2 summarizes the proposed
bilinear model construction process with this added projection.

The projection procedure is not necessary for nonlinear model realizations because they ad-
vance the value of the output directly rather than indirectly via a lifted state. The output is not
lifted to a higher dimensional space, thus there is no danger of future predictions accumulating

error by leaving the set of legitimate lifted states.

3.1.4.2 Dimensional Reduction

The effectiveness of a finite-dimensional approximation K7, in representing the actions of the
infinite-dimensional Koopman operator Cr, depends greatly upon the the span of the basis func-
tions selected (i.e. the subspace F). We can use data to intelligently inform our choice of basis
functions, rather than choosing them naively. This enables us to reduce the dimension of Koop-
man models without significantly impacting accuracy, thus making them more computationally
tractable.

This process consists of computing the singular value decomposition (SVD) of a data matrix
of lifted experimental measurements to find an orthogonal basis for the finite-dimensional function
space F. A new lower-dimensional subspace F spanned by the basis functions associated with the
largest singular values can then be used for Koopman-based system identification.

The first step in this dimensional reduction process is to lift the snapshots {a*)}/  using an
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initial set of IV basis functions {g;}¥, and compile them into a K x N data matrix, denoted by 7,

g(a®) - gn(aM)
T = : : . (3.56)

If we then compute the SVD of this matrix,
T =UrSy VY, (3.57)

the columns of V7, also called the right singular vectors, provide an orthonormal basis for the row

space of T, and the corresponding singular values provide a measure of the correlation between
T

the data and each of the vectors. Each right singular vector v; = |:Ul cee W N} also describes a

function h; as a linear combination of the initial basis functions {g;},,

hi =vig1 + -+ UNgN (3.58)

We could define a new basis for the function space F as the set of all such functions {h;}Y,, and
use this basis to identify an approximation of the Koopman operator. However, doing so would
have no computational benefit since the dimension is not reduced.

To achieve a dimensional reduction, we use the so-called “truncated SVD” instead. The trun-
cated SVD is similar to the full SVD, but it yields a decomposition of a lower rank approximation
of T rather than T itself. This is achieved by only retaining the subset of left and right singular
vectors corresponding to singular values above some threshold [70]. This reduced number N/ < N
of right singular vectors can then be used to construct a basis for an N’ dimensional function space
F, and an approximation of the Koopman operator in that space can be identified via the methods

presented in the preceding sections.

59



3.2 Application: Planar 3-link Arm

We claim that the Koopman operator can be used to construct accurate models of soft robotic sys-
tems from data. However, before applying the system identification methods described in Section
3.1 to a soft robotic system, we applied them to the simulated planar arm system shown in Fig. 3.3.
This simpler example is used to explore and highlight the differences between linear, bilinear, and
nonlinear model realizations of the same system.

The arm has 3-links each of mass 100g and length 0.33m and 3 joints each with a stiffness of
1 x 107 N/rad and a viscous damping coefficient of 1 Ns/rad. The input into the system is a set
of m = 3 applied joint torques and the output is the location of the end of each link expressed as a

n = 6 dimensional vector of Cartesian coordinates,

u(t) = {n(t) () 73(t) (3.59)

y(t) = [am Bt axl) Balt) ast) Be(t) (3.60)

as shown in Fig. 3.3. A set of 12000 snapshots was collected for a time step of 75 = 0.05 seconds
over a range of randomized initial conditions and inputs for the purposes of identifying matrix ap-
proximations of the Koopman operator as well as linear, bilinear, and nonlinear model realizations

of the system.

3.2.1 Model Prediction Comparison

The predictive accuracy of various models identified using the Koopman approach depends on both
the model type (e.g. linear, bilinear, or nonlinear) as well as the number of basis functions chosen.
We identified several models according to Algorithms 1, 2, and 3 using monomial basis functions.

The sets of basis functions used for identifying the linear models consisted of all monomials of

the elements of the output up to a specific degree denoted p, plus the indicator functions on each
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(ag, B2) 73

(043, 53)

Figure 3.3: Three link planar arm system with input defined as joint torques and output defined as
the locations of the end of each link.
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component of the input, i.e.

{wi(g,a)}ily = {900 [ (oo pn) ENGL o1+ + pn < p U@l € {1,...,m}}
(3.61)

where N = (n + p)!/(n!p!) + m, and Ny indicates the set of natural numbers including zero. The
sets of basis functions used for identifying bilinear models consisted of the same monomials as

well as the product of each monomial with each component of the input, i.e.

{¢z(~ N)} M) — {(@fl o gzn)a“pla 7Pn) S N6L7p1 +oo +pn S Pﬂl S {17ﬂ17 7ﬂm}}
(3.62)

where N = (n + p)!/(n!p!). The sets of basis functions used for identifying discrete nonlinear

models consisted of monomials up to degree p of both the input and the output, i.e.

[ Wy = {0 @) @ 0| (01 ) €N i < )

(3.63)

where N = (n+m + p)!/((n+m)!p!).

Six linear models were identified for values of p = 1,..,6. Four bilinear and four nonlinear
models were identified for values of p = 1,...,4. Table 3.1 indicates the total number of basis
functions, i.e. dim ('gb(gj, 11)) , used for identifying the Koopman operator matrix for each model.
The prediction accuracy of each model was evaluated by comparing model simulations to valida-
tion data and computing the average error over all validation data points. This error was quantified
as the Euclidean distance between the predicted and real outputs in RS.

Fig. 3.4 displays the prediction error verses the dimension of the Koopman operator matrix for
each model. The error shown in the plot is normalized by the average error incurred by the zero
response. The accuracy of the linear model increases very little, even when the dimension of the

system is increased by several orders of magnitude. The bilinear model become more accurate as
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Table 3.1: Number of Monomial Basis Functions for Identified Models

# of basis functions, i.e. dim(¢'(y, u))
p Linear Bilinear Nonlinear
1 10 28 10
2 31 112 55
3 87 336 220
4 213 - 715
5 465 - -
6 927 - -

the dimension increases, but eventually becomes unstable. The nonlinear model becomes more

accurate as the dimension increases and does not become unstable.

3.2.2 Discussion

The noticeable differences in performance between the linear, blinear, and nonlinear models stems
from the differences in the sets of basis functions used in the system identification process. Because
the Koopman operator is linear, Koopman-based system identification methods yield a discrete
flow map that is a linear combination of basis functions. Hence, if the true discrete flow map of the
system contains nonlinear terms that are not included in the set of basis functions, the identified
system model will be limited in its ability to capture the true system behavior.

Based on the results shown in Fig. 3.4, the nonlinear Koopman modeling approach appears to
be the best choice. Indeed, a nonlinear model achieves the lowest prediction error overall, and the
nonlinear models do not become unstable for the larger sets of basis functions. Their accuracy can
be attributed to the richness of the sets of basis functions used for identification, and their stability
is perhaps due to the fact that the nonlinear systems flow the output forward in RS rather than
flowing a lifted state forward in RY where there is more opportunity to overfit.

The downside of nonlinear models is that they are not compatible with efficient linear control
techniques. Therefore, the nonlinear models generated using the Koopman operator may be the
best option when open-loop prediction accuracy is desired, but will be of little value in synthesizing

computationally efficient closed-loop controllers.
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Figure 3.4: The model prediction error for several linear, bilinear, and nonlinear Koopman model
realizations identified from the same set of data. As the number of basis functions increases, the
error of the linear model changes little, the error of the bilinear model decreases before becoming
unstable, and the the error of the nonlinear model decreases monotonically.
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Linear models are compatible with a myriad of efficient and well-established closed-loop con-
trol design techniques. For this system, however, the linear models perform poorly compared to
the bilinear and nonlinear models. Furthermore, prediction accuracy does not significantly improve
with increases to the number of basis functions. This seems to indicate that linear combinations of
the type of basis functions described by (3.61) may be fundamentally incapable of approximating
some non-linear terms of the true system dynamics.

The bilinear models exhibit accuracy nearly identical to that of the nonlinear models and be-
come more accurate as the dimension increases, up to a point. Eventually one of the bilinear
models becomes unstable and the prediction error increases dramatically. This can likely be at-
tributed to over-fitting. While the basis functions described by (3.62) are capable of approximating
nonlinearities that the linear model basis functions fail to capture, including too many of them can
lead to an overly complex model. Such over-fitting could be mitigated by applying the techniques
presented in Section 3.1.4.

The bilinear models exhibit predictive performance on par with the nonlinear models, while
being significantly less complex. Because the bilinear models use basis functions that do not in-
clude any higher order input terms, they reduce to linear models for a fixed value of the output.
This feature can be exploited to synthesize computationally efficient linear controllers from bilin-
ear models, simultaneously taking advantage of the accuracy of bilinear models while retaining
the computational tractability of linear control algorithms. This topic of utilizing bilinear system

models for control applications will be more fully explored in Section 4.1.3.

3.3 Application: Pneumatic Soft Robot Arm

To evaluate how well the Koopman-based modeling approach stacks up against the current state
of the art on a real soft robotic system, we applied the Koopman nonlinear system identification
method (Algorithm 4) to a continuously deformable soft robot arm and compared the resulting

model to those generated by several other nonlinear system identification techniques. In the fol-
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lowing, we describe in detail the robotic hardware, experimental setup, measurement procedure,
and the data processing involved in the system identification process, as well as the process by

which performance was evaluated and compared across models.

3.3.1 Hardware Description

The soft robot used in this experiment consisted of three pneumatically driven McKibben actua-
tors (also known as Pneumatic Artificial Muscles or PAMs) adhered together by latex rubber and
connected to a common base mount on one end and to an end effector on the other (see Fig. 3.5).
During the trials, the pressure inside each actuator was varied using a pneumatic pressure regulator
(Enfield TR-010-g10-s), and the displacement and velocity of the end effector was measured at a
frequency of 60 Hz using a commercial motion capture system (Phase Space Impulse X2E).

For this robot, it is our primary interest to control the motion of the end effector. Hence, we
chose an output which is capable of describing the dynamics of the end effector as an ordinary
differential equation, namely the position and velocity of the end effector with respect to a global

coordinate frame, as shown in Fig. 3.5

y(@) = |y(t) @) w@) n@) wE) v (3.64)

3.3.2 Data Collection

To generate a representative sampling of the system’s behavior over its entire operation range, a
randomized input was applied. The control input into the system w was a set of three 0 — 10V

signals into the pressure regulators corresponding to actuator pressures of ~ 0 — 140 kPa

u(t) = uy(t) us(t) us(t)| u; € [0, 10] (3.65)

Before each trial, a 3 x K, table T of uniformly distributed random numbers between zero and

ten was generated to be used as an input lookup table. K, was chosen to be large enough to
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Table 3.2: Data Collection Parameters

Trial
1 2 3 4 5 6
Length (min) | 40:06 | 31:26 | 8:16 | 26:09 | 28:38 | 31:35
T, (s) 3.0 3.5 4 5 5 8

provide inputs over the entire length of each trial. Each control input was smoothly varied between
elements in consecutive columns of the table over a transition period 7, with a time offset of 7,,/3
between each of the three control signals,

ui(t) = (Lixi1 = Tin) (t L _;m) + ik (3.66)

where k£ = floor (t / Tu) is the current index into the lookup table at time ¢.

Data collection proceeded in 6 trials each lasting an average of ~ 27 minutes. The input
transition period 7}, varied from trial to trial, taking values between 3 and 8 seconds (see Table 3.2
for the specific values for each trial). After collecting data, raw position and velocity measurements
were put through a moving average filter with window size of 1s to reduce noise, then sampled
uniformly with a period 7 = 0.02 seconds. Sampled velocity measurements were put through a
second moving average filter with window size of 1 second due to the higher noise content of the
velocity signal. The time-series data from each trial was partitioned into training and validation
sets. Three 10 second validation sets were extracted from each trial and the remainder of the trial

data was used for training.

3.3.3 Model Comparison

We generated a state space model from the technique described by Algorithm 4 using a monomial
basis of maximum degree p = 3 and the collected training data. We then evaluated its accuracy by
comparing model simulations to each of the validation data sets (Fig. 3.6). Goodness of fit for the

trajectory of the j™ component of the output y; was calculated using the normalized root-mean-
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Figure 3.5: System identification was performed on a soft robot consisting of three PAMs adhered
together. Active motion capture markers on the base and end effector enabled tracking of the
position and velocity of the end effector relative to the fixed global coordinate frame marked by
unit vectors 91, 2, Y3 where ¢ is pointing into the page. The robot’s range of motion given control
inputs defined in (4.14) is depicted.
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square error (NRMSE), defined:

Nlotal - 2
Skl — 4:k
NSE \/z (351K — 311 .
Ntotal
RMSE
NRMSE = <—> -100% (3.68)
Yjmax — Yj min

where g; is the simulated value of the 4™ component of output, N is the total number of points,
and Y; min/max are the measured minimum/maximum values of the 4™ component of the output
observed over all trials.

The performance of our model was benchmarked against a linear state space, nonlinear Ham-
merstein Wiener, nonlinear auto-regressive with exogenous inputs (NLARX), and a feedforward
neural network model. The models were trained and evaluated on the same non-lifted time-series
data as the Koopman model, and generated using either the Matlab System Identification Toolbox
or Neural Network Toolbox [71]. The state space model was generated using the subspace method
[62, Chapter 7] and specified to be 6 dimensional, i.e. the same dimension as the state defined
in 3.64. The neural network model was trained using the Levenberg-Marquardt backpropogation
algorithm and sigmoid activation functions. It was trained several times using combinations of 10-
30 hidden neurons and 1-10 delays. Only the results for the best of these models, corresponding to

10 hidden neurons and 10 delays, is displayed in Fig. 3.7 and Table 4.2.

3.3.4 Results

The model generated by the Koopman system identification method has a total RMSE averaged
across position states and velocity states of 5.98 mm and 3.66 mm/s, respectively. As shown in
Table 4.2, this corresponds to a total NRMSE averaged across all states of 2.1%. By this metric,
it performs more than twice as well as the best competing linear and nonlinear models which have
average NRMSEs of 4.6% and 4.5%, respectively (see Fig. 3.7). The Koopman model also exhibits

the smallest standard deviation of the NRMSE across states. This implies that the Koopman model
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Figure 3.6: The measured position of the robot end effector over a 30 second time window
(black, dotted) superimposed with the position predicted by the Koopman-based model (blue)
given the same initial condition and control inputs. Coordinates are defined with respect to the
global coordinate frame depicted in Fig. 3.5.

more consistently captures the real behavior of all six states of the system, rather than just a subset

of them. Fig. 3.6 illustrates the ability of the Koopman-based model to predict the position of the

end effector over a 30 second time horizon.

3.3.5 Discussion

We have successfully applied a system identification technique based on Koopman operator theory
to a soft robot and shown that the model generated outperforms those constructed by several other
state-of-the-art nonlinear system identification methods. Perhaps unsurprisingly, the linear state

space model was unable to capture the nonlinear dynamics of the robot as well as the Koopman
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Figure 3.7: Shown is the total NRMSE averaged across all states for each of the models, with
the standard deviation designated by the black bar. The average NRMSE of the Koopman-based
model is less than half of that of the other models, with a standard deviation of less than one third

of the other models.

Table 3.3: Total NRMSE (%) over all validation trials

States Std.

Model Avg,
Y1 | Y2 | Ys | Y4 | Ys | Ys g Dev.

Koopman |24(20| 29 |1.7/15(20| 2.1 | 0.5
Neural Net |58 4.0 6.6 |39 28 |35| 45 | 1.5
State Space | 5.1 3.1 99 [3.0|1.8|48| 46 | 2.9

Ham.-Weiner | 7.0 [ 45| 69 [3.0|23|3.1| 45 | 2.0
NLARX 50(13.0(1203.8|2.1[28| 48 | 3.7

71



model. As for the nonlinear models, there are several likely reasons why the performance of the
Koopman model was superior. Since the Koopman model is a state space model, simulations can
be initialized from the same initial condition as the real system. This is not the case for the other
learned nonlinear models which do not have an internal state corresponding to the physical state
of the robot. Rather, they act as black-box models only capable of mapping inputs to outputs.

Another advantage of the Koopman model is that its quality does not depend on an initial
model estimate or tuning parameters. By iterating over the set of all initializations and tuning
parameters, one may be able to generate better performing models than those shown; unfortunately,
this multivariate trial-and-error process may not affect results in a predictable way. In contrast, the
only tuning parameter involved in the Koopman method is the maximum degree of the monomial
basis functions, which has a magnitude that is directly proportional to model accuracy.

While the results here are promising, there are practical challenges to extending the Koopman
approach to higher dimensional systems. As the dimension of the state space increases, so does
the size of the monomial basis set of the finite-dimensional subspace of observables. This greatly
increases the size of the matrix equations that must be solved, leading to computational intractabil-
ity for sufficiently high dimensional systems. However, if some information about the system is
known beforehand, this issue could be counteracted by choosing a more suitable basis for the ob-
servables. For example, if the system exhibits oscillatory motion, a lower dimensional fourier basis
may be more suitable than a monomial basis to represent the behavior. Such an extension of the

method is left to future work.

72



CHAPTER 4

Model-based Control

Soft robots differ from rigid-bodied robots in several ways that make them uniquely difficult to
control. Namely, soft robots exhibit distributed rather than localized deformation and actuation,
soft materials exhibit nonlinear characteristics that are negligible in rigid materials, and soft robots
span such a wide range of designs that it is difficult to generalize control results from one robot
to another. These differences render many of the standard approaches used to control rigid-bodied
robots insufficient for soft robots. Thus, novel control approaches for soft robots are needed.

Model-free control approaches have emerged as a convenient way to construct control policies
directly from data, without first identifying a system model. For instance, [27] used deep rein-
forcement learning to achieve open-loop position control of a soft manipulator comprised of fiber-
reinforced actuators, and [29] used a combination of a recurrent neural network and supervised
reinforcement learning to achieve closed-loop control of a pneumatically-driven soft manipula-
tor. These data-driven approaches rely on machine learning techniques to identify suitable control
policies for a specific task, but without an underlying system model, they do not generalize well to
arbitrary tasks.

A system model enables the design of model-based controllers that leverage model predictions
to choose suitable control inputs for arbitrary tasks. In particular, model-based controllers can
anticipate future events, allowing them to optimally choose control inputs and facilitate better
control performance. When an accurate model is available, predictive controllers can be built

by using the model to calculate a feedforward term, then adding a feedback term to account for
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minor model uncertainty and disturbances. If an accurate model is unavailable, feedback must
be relied upon more heavily. This poses several problems for soft robots. First, feedback requires
sensing, but the morphology of soft robots precludes the use of most conventional sensors. Suitable
alternatives are currently in development [72, 73, 74, 75], but are not yet readily available. Second,
relying heavily on feedback to compensate for an inaccurate model has been illustrated to reduce
the compliance of soft robotic systems [76]. That is, excessive feedback negates the desirable
compliance of a soft robot by replacing its natural dynamics with those of a slower, stiffer system.
Therefore, accurate models are required to control soft robots in a manner that reduces dependence
on feedback and simultaneously preserves compliance.

Many model-based controllers have been developed for soft robots, but the majority of them
are static and rely on simplifying assumptions such as piece-wise constant curvature [18]. Such
controllers have proven sufficient for static control of uniform, low-mass manipulators, but they
have been insufficient for dynamic control of more complex soft robotic systems [21]. Dynamic
control of a soft manipulator has been achieved by supplementing a piece-wise constant curvature
model with data-driven trajectory optimization [77], but the approach requires task specific train-
ing. Few model-based controllers have been derived from more realistic physics-based models due
to their computational complexity.

As seen in Chapter 3, Koopman operator theory offers a way to construct linear or bilinear
model realizations of nonlinear dynamical systems from data. Such realizations are computation-
ally efficient without relying on physical simplifying assumptions. Several researchers have ex-
ploited these properties to construct model-based controllers from Koopman representations [31].
In [34] they construct an LQR feedback law from a linear Koopman representation and use it to
successfully control the the underlying nonlinear dynamical system, and a similar approach is uti-
lized in [38] to control a swimming fish robot. In [36], linear Koopman realizations are combined
with model predictive control (MPC), a popular model-based control design technique wherein
one optimizes the control input over a finite time horizon, applies that input for a single time-step,

and then optimizes again, repeatedly [78].
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This chapter builds upon those contributions within the specific context of soft robot control.
We develop several Koopman-based model predictive control algorithms and demonstrate their
efficacy in controlling a real soft robotic system. In Section 4.1 we formally introduce model
predictive control and describe methods for constructing MPC controllers from Koopman model
realizations. In Section 4.2, we construct a linear, bilinear, and nonlinear MPC controller for
the simulated planar 3-link arm system from Section 3.2, and compare the performances of the
controllers in a trajectory following task. In Section 4.3, we construct several MPC controllers for
a real soft robot arm, and evaluate the efficacy of each controller in performing trajectory following
tasks. Our results show that Koopman-based MPC controllers outperform benchmark controllers
for soft robotic systems. Most of the contents of this chapter originally appeared in [41], but an
attempt has been made to clarify and expand upon the original exposition of the material. Notably,
this work introduces nonlinear and suboptimal bilinear MPC in addition to linear MPC and presents

new simulation results which were absent in the original text.

4.1 Model Predictive Control

Model predictive control algorithms optimally choose a sequence of control inputs given a desired
output trajectory and system model. This system model can be either linear or nonlinear, but
linear models have computational advantages over nonlinear ones. Namely, the MPC optimization
problem for linear models is convex, while for nonlinear models it is not.

Convex optimization problems, i.e. those which have a convex cost function and convex fea-
sible set, have global extrema and can be solved very reliably and efficiently using interior-point
methods or other special methods for convex optimization [30]. Non-convex optimization prob-
lems, on the other hand, may have multiple local extrema and there is no standard method for
finding global solutions. The most efficient non-convex optimization methods only find local so-
lutions, which depend on an initial guess for the optimization variable. Thus, for real-time optimal

control problems, convexity is desired.
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The MPC optimization problem for linear systems is convex because it has a quadratic cost
function and linear constraints. Since it is convex, it has a unique globally optimal solution that
can efficiently be constructed without initialization even for models with thousands of states and
inputs [30, 79, 80]. This contrasts sharply with the MPC formulation for nonlinear systems which
requires solving an optimization problem with nonlinear constraints and a (potentially) nonlinear
cost function [81]. As a result, algorithms to solve such problems typically require initialization
and can struggle to find globally optimal solutions [82]. Though techniques have been proposed
to improve the speed of algorithms to solve nonlinear MPC problems [83, 84] or even globally
solve such problems without requiring initialization [85], these formulations still take orders of
magnitude more time per iteration, which can make them too slow to be applied for real-time
control. This difference is highlighted in Sections 4.2 and 4.3 via computation time comparisons
between linear and nonlinear MPC controllers for several robotic systems.

The remainder of this section describes the formulation of MPC algorithms for linear and non-
linear Koopman realizations, as well as a suboptimal MPC control algorithm for bilinear Koopman
realizations. These algorithms, when combined with Koopman-based models derived using the

methods of Chapter 3, can be used to control real soft robotic systems.

4.1.1 Linear MPC

For linear systems, MPC consists of iteratively solving a convex quadratic program. This is also the
case for Koopman-based model predictive control (K-MPC), wherein one solves for the optimal

sequence of control inputs over a receding horizon according to the following quadratic program
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Algorithm 5: Koopman-based Linear MPC (K-MPC)
Input: Prediction horizon: N},
Cost matrices: Q[i], R[i], q[i],r[i] fori =0, ..., Ny
Constraint matrices: E[i], F'[i],b; fori =0, ..., N},
Model matrices: A, B
for £ =0,1,2,...do
Step 1: Set 2[0] = g(y[k])
Step 2: Solve (4.1) to find optimal input (u[i]*)M
Step 3: Set u[k] = u[0]*
Step 4: Apply u[k] to the system
end

at each time instance k of the closed-loop operation:

{,[»]ggg}zvh Z[NW)" Q[NA)Z[Na] + a[Na]" Z[Na]+
{z’[i]GRN}ZV:”z
+ > (207 QUIZE] + wli]” Rllali] + qfi)"2Li) + r{i] ]
i=0 4.1)
s.t. Z[i + 1] = AZ[i] + Bali], V{i}ry "

E[i)2[i] + FliJali] < ofi), v{i}Z"

where N, € N is the prediction horizon, Q[i] € RY*N and R[i] € R™*™ are positive semidefinite
matrices, and where each time the program is called, the predictions are initialized from the current
lifted state 1) (z[k]). The matrices E[i] € R and F[i] € R**™ and the vector b[i] € R¢ define
state and input polyhedral constraints where ¢ denotes the number of imposed constraints. While
the size of the cost and constraint matrices in (4.1) depend on the dimension of the lifted state /V,
[36] shows that these can be rendered independent of N by transforming the problem into its so-
called “dense-form.” Algorithm 7 summarizes the closed-loop operation of this Koopman-based

linear MPC controller.
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4.1.2 Nonlinear MPC

For nonlinear systems, nonlinear model predictive control (NMPC) typically consists of iteratively
solving a non-convex optimization problem. Non-convexity is introduced by the set of nonlinear
constraints that prohibit the decision variables from violating the system’s dynamics (highlighted
in red in (4.2) and (4.6)). NMPC algorithms exist for both discrete and continuous nonlinear

dynamical systems. Their general formulations are presented in the following subsections.

4.1.2.1 Discrete NMPC

For discrete nonlinear systems, the NMPC cost function and state and input polyhedral constraints
are identical in form to those of linear MPC, but the constraints that enforce the dynamics are
not linear. For Koopman-based nonlinear model predictive control (K-NMPC) one solves for the
optimal sequence of control inputs over a horizon according to the the following nonlinear program

starting from the k™ time-step of the system:

min _ Y[Nu]"QINAIY[NK] + q[Na)" Y[ Ni]+

{afileR™} 7

{gliler %)
+ i (y[z’]TQ[i}y[ﬂ +ali)” Rli|a[i] + q[i] "yl —1—7”[2']T1],[i]>
=0 4.2)
st yli+ 1] = T(yli), ali]), V{i} 25"

E[ilgli] + Fliali] < i), V{2t

where N;, € N is the prediction horizon, Q[:] € R"*" and R[i] € R™*™ are positive semidefinite
matrices, and where each time the program is called, the predictions are initialized from the current
output y|k].

The time required to solve this problem depends on the dimension of the model, the length
of the horizon, the complexity of the dynamics, and the efficiency of the optimization software

used. Often the solving time will exceed the time-step of the the discrete dynamical model, mak-
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ing it impossible to update the control at every time-step. In this case, the optimal control inputs
can be computed offline then applied to the system in open-loop. Without feedback, however,
the controller is incapable of overcoming model error that causes performance to degrade as the
time-horizon increases. To counteract this shortcoming, a nonlinear MPC controller can be sup-
plemented with a linear feedback controller based on the local linearization of the nonlinear model
about a reference trajectory (see [86, Section 5.4]).

The linearized error dynamics are represented as a discrete-time linear time-variant (LTV) sys-

tem of the following form:
Oyl + 1) =A[k]d,[k] + B[k]du[k] (4.3)
where

o, k] =y[k] — y[k]

6. (k] =u[k] — ulk]

F
Al =2E g (4.4)
0y |y=1lk]
u=ulk]|
oOF
B k = nxm
%] ou |y=ylk|
u=ulk]

and where at the k™ time-step y[k] is the reference trajectory and w[k] is the control input computed
by solving (4.6) or (4.2), 6,[k] is the difference between actual state and reference state, while
d,[k] is the difference between actual input and reference input. At each time-step k, the optimal
input w*[k] is then given by the sum of the open-loop control input computed by solving the
aforementioned NMPC offline, denoted w[k], and a feedback term based on the local linearization

that is computed online, denoted 6, [k,

w (k] = wlk] + 8, [K] 4.5)

where d,[k] is chosen such that it drives the locally linearized dynamics to zero. In practice, 9, [k]
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Algorithm 6: Koopman-based Discrete Nonlinear MPC (K-NMPC)
Input: Prediction horizon: N;,
Cost matrices: Q[i], R[i], q[i],r[i] fori =0, ..., Ny
Constraint matrices: E[i], F'[i],b[i] fori =0, ..., N},
Model discrete map: T': Y x U — R"
for k=0,1,2,...do
Step 1: Set y[0] = ylk])
Step 2: Solve (4.2) to find optimal input (w[i]*)M,
Step 3: Set u[k] = u[0]*
Step 4: Apply u[k]| to the system
end

is computed at each time-step by solving a linear MPC program with structure similar to (4.1).

4.1.2.2 Continuous NMPC

NMPC controllers can also be constructed for continuous-time nonlinear Koopman models. For
continuous Koopman-based NMPC, one solves for an optimal function describing the evolution of
control inputs over a horizon starting from an instance of time 7 of the system according to the the
following nonlinear program:

min 1(te) " Qry(ty) +qry(t
GEL([to,t;R™) y(ty) Qrylts) +ary(ty)

+ /t f <y’(t)TQy’(t) +at)" Ra(t) +q y(t) + r%(t))dt
s.t. y(t) = F (y(t),a(t)), VtE [to,ty] (4-6)

L), (1) <0, Vi € [to.1]

Y(to) = y(7)

where L?([to, t;]; R™) is the space of square integrable functions from [to, t;] to R™, G, G € R™"
and H € R™*™ are positive semidefinite matrices, L : R® x R™ — R¢ defines state and input
constraints where ¢ denotes the total number of imposed constraints, and 0.. is the vector of all 0’s
with c-elements.

There are commercial software tools designed specifically to solve problems of this type such
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as GPOPS-II [83], CasADi [87], SNOPT [88], and Frost [84]. However, just as in the discrete-time
case, the time required to solve this problem is usually too large to be used for closed-loop control.
Therefore, open-loop control sequences are typically computed offline and feedback strategies
based on local linearizations of the dynamics are employed to make these open-loop trajectories

more robust to disturbances.

4.1.3 Suboptimal Bilinear MPC

K-MPC and K-NMPC controllers each present different strengths and weaknesses. K-MPC con-
trollers are computationally efficient enough to be updated in real time to make up for modeling
error and recover from disturbances, but they are based on linear Koopman realizations which
are generally less accurate than nonlinear Koopman realizations of the same system. K-NMPC
controllers are based on the more accurate nonlinear Koopman realizations, but cannot adapt to
changing conditions because they require solutions to be computed offline.

Luckily, there is another controller which combines the complementary strengths of K-MPC
and K-NMPC that is based on bilinear Koopman realizations. Bilinear Koopman realizations gen-
erate predictions that are nearly as accurate as nonlinear Koopman realizations (see Section 3.2.1),
but they have a structure that is “almost linear”. Due to this feature, under some minor assump-
tions, a bilinear model predictive control problem can be recast as a linear model predictive control
problem that can be solved efficiently.

Our proposed Koopman-based bilinear model predictive control (K-BMPC) algorithm, deter-

mines a sequence of control inputs over a receding horizon by approximating the solution to the
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following optimization problem at each time instance % of the closed-loop operation:

{ Hmin}Nh Z[N3]" Q[Na)Z[Na] + q[Ni]" Z[Na]+
afi)eRm )
{2lijeRN

3 (<07 QUT + i Rl +
+qlilT £l + rm%m) 4.7)
s.t. Z[i +1] = AZ[i] + Bu[i] + Z H;2liligli],  v{iby !

7=1

Eli)2[i) + Flilali) <oli), v{i}X"

where N}, € N is the prediction horizon, Q[i] € RY*Y and R[i] € R™*™ are positive semidefinite
matrices, and where each time the program is called, the predictions are initialized from the current
lifted state g(y[k]). The matrices E[i] € R*Y and F[i] € R°*™ and the vector b[i] € R¢ define
state and input polyhedral constraints where ¢ denotes the number of imposed constraints. This is
identical to the linear MPC optimization problem (4.1) except the dynamics constraint (highlighted
in red) now enforces that the solution be consistent with a bilinear Koopman realization rather than
a linear one. Unfortunately, this set of constraints renders the problem non-convex, so it may not
be possible to solve it quickly enough for real-time control.

The optimization problem can be made convex by replacing the dynamics constraints with

linear approximations constructed by replacing Z[i| in the bilinear terms with Z[0], i.e.

Z[i + 1] = AZ[i] + Buli] Z Ji;[i], W{iyn! (4.8)

A~

= Az[i] + (B + {le'[o] [f[mz'[o]D alk], v{iyM! (4.9)

The resulting linear dynamics approximate the evolution of the system in a neighborhood of the

initial lifted state Z[0]. This introduces prediction error, but turns (4.7) into a convex quadratic
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Algorithm 7: Koopman-based Suboptimal Bilinear MPC (K-BMPC)

Input: Prediction horizon: N},

Cost matrices: Q[i], R[i], q[i],r[i] fori =0, ..., Ny
Constraint matrlces E [i], F[i], b[¢] fori = 0, ..., Ny,
Model matrices: A, B, { ]} n,

for k=0,1,2,...do
Step 1: Set 2[0] = g(y[k])
Step 2: Solve (4.1) to find optimal input (u[i]*)M,
Step 3: Set u[k] = u[0]*
Step 4: Apply u[k] to the system
end

program which can be solved quickly enough to be updated at every time-step:

min Z[N3]" G[NwZ[Na] + g[Na]" Z[No]+
{alier™} 1)
{zlileRN} )

+ Y (Z[i]TG[i]é[i] +ali]" Hiali)+

+ gli|"4[i] + A ]Tum)

s.t. Zli+ 1) = AZ[i] + <B+ {[:Ilz'[()} ﬁmz'[o}D alk], V{i}!
E[i)2[i] + Fliuli] < b[d], V{i}y"
2[0] = g(yl[k])

\h
=0

(4.10)

The main difference between the K-BMPC controller and the other model predictive control

algorithms is that it does not generate optimal solutions with respect to the model upon which

it is based. Instead, the solutions it generates are optimal with respect to a linear approximation

of the actual bilinear model predictive control problem. It is important to note, however, that all

Koopman realizations constructed from data are mere approximations of the true dynamics of a

system. Hence, even the optimal solutions to the model predictive control problems (4.1), (4.2),

and (4.6) are not necessarily optimal with respect to the true dynamics of the system. For this

reason, in practice K-BMPC may outperform K-MPC and K-NMPC, despite its suboptimality.
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4.2 Application: Trajectory Following with Planar 3-Link Arm

To highlight the relative strengths and weaknesses of the Koopmans-based control techniques de-
scribed in the previous section, we applied them to the simulated 3-link planar arm system from 3.2
(shown in Fig. 3.3). A K-MPC controller, K-BMPC controller, and discrete K-NMPC controller
was constructed from the linear, bilinear, and nonlinear model realizations identified in Section 3.2

for p = 3. Each controller was then employed to perform the same trajectory following task.

4.2.1 Control Performance Comparison

Each controller computed solutions over a /N, = 10 step horizon, had identical cost functions,
and no state or input polyhedral constraints. The desired task was to move the end effector of the
arm along a planar reference trajectory. Therefore, a cost function was chosen that penalizes the
distance between the actual end effector coordinates (3, 33) and the desired coordinates (5T, %)

at each time-step:

T _ -
aref[Nh] aref[Nh]
Cost ({gilil Yo, {xlil}% ) =100 [ C™Mg[N] — | gl - | +
5[N] | 551 [Nw)
N\ T _
Np—1 ) et ety
+ 3 10| oyl — | g eyl — | A
alu 5]
300

+(1x107%al" |0 2 ol uli]

00 1
(4.11)
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where C™ is a selection matrix that isolates the coordinates of the end effector which are the last

two components of g[i]:

" 000O0T10@0
" = (4.12)

000O0O0T1

Notice that (4.11) also includes a term that penalizes the magnitude of the input to distinguish
between multiple robot configurations that all achieve the desired end effector placement.

Control trials were conducted in simulation. At each time-step the current output of the system
is measured and used to initialize the MPC optimization problem. Once a solution is computed,
the system is simulated forward one time-step (7 = 0.05 seconds) under the optimal input. This
procedure is repeated until the end of the reference trajectory is reached.

The reference trajectory chosen traces out the shape of a block letter M over a time period of
15 seconds, starting from the robot’s hanging position. Fig. 4.1 shows the path of the end effector
using each of the controllers, and Fig. 4.2 displays the mean tracking error and mean computation
time over all time-steps. The tracking error at each time-step is quantified as the Euclidean distance
between the actual and desired end effector locations. The computation time per iteration is the
amount of time it takes to solve the MPC optimization problem and does not include the time to
simulate the response of the system. All three trials were run on a computer with 64 GB RAM and

a 2.4 GHz CPU.

4.2.2 Discussion

It is clear by inspection of Fig. 4.1 that the K-MPC controller performs very poorly. This is con-
firmed quantitatively in Fig. 4.2 which shows that its mean tracking error is more than 15x larger
than that of the other controllers. This poor performance can be attributed to the inaccuracy of the
linear Koopman model realization upon which it is based, which was documented in Section 3.2.
The K-BMPC and K-NMPC controllers track the desired trajectory with much greater fidelity, re-

flecting the greater accuracy of the bilinear and nonlinear model realizations upon which they are
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Figure 4.1: The end effector trajectories generated by each Koopman-based model predictive con-
troller superimposed over the same reference trajectory, shown in grey.
based.

In the previous section, we asserted that K-NMPC is much less computationally efficient than
the other controllers, and that is confirmed by the results of this experiment. As seen in Fig. 4.2,
the mean computation time for K-NMPC is more than 500 larger than that of the other two
controllers. This computation time greatly exceeds the 50 ms duration of a single time-step, making
it incompatible with closed-loop operation. Hence, if this robot were a real physical system, the
control inputs would have to be computed offline.

Based on the results of this experiment, only K-BMPC would be a viable closed-loop controller
for this system. Its mean computation time is much less than a single time-step, and despite the
suboptimality of its solutions, its mean tracking error is nearly equivalent to that of K-NMPC.
Roughly speaking, K-MPC fast but inaccurate, K-NMPC is accurate but slow, and K-BMPC is
both fast and accurate.

The benefits of using a bilinear Koopman realization to model and control a robot are illustrated
by this example, but the difference in performance between K-BMPC and K-MPC may not always
be so pronounced. Some systems are described very accurately by linear Koopman models, in
which case a K-MPC controller may be sufficient. It is up to the control designer to determine

which realization and controller is best suited for each particular system.
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Figure 4.2: The mean tracking error (blue) and the mean computation time (orange) for each
controller plotted on a logarithmic scale. The K-BMPC controller has a mean tracking error com-
parable to K-NMPC and a mean computation time comparable to K-MPC, proving it to be both
accurate and computationally efficient.
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4.3 Application: Trajectory Following with Soft Robot Arm

This section describes a soft robot platform and the set of experiments used to demonstrate the
efficacy of the Koopman-based controllers described in Section 4.1 applied to a real soft robotic
system. Footage of the soft robot performing several trajectory following tasks can be found in a
supplementary video file!, and code used to construct the Koopman-based models and controllers

for these experiments can be found in a publicly accessible repository?.

4.3.1 Robot Description: Soft Arm with a Laser Pointer

We experimentally evaluated the Koopman model predictive control approach on a soft robot arm
performing the task of drawing shapes with a laser pointer, similar to the handwriting task de-
scribed in [89]. The robot is a suspended soft arm with a laser pointer attached to the end effector
(see Fig. 4.3). The laser dot is projected onto a 50 cm x 50 cm flat board which sits 34 cm beneath
the tip of the laser pointer when the robot is in its relaxed position (i.e. hanging straight down).
The position of the laser dot is measured by a digital webcam overlooking the board.

The arm consists of two bending sections. The interior of each section is composed of three
pneumatic artificial muscles or PAMs (also known as McKibben actuators [48]) adhered to a cen-
tral foam spine by latex rubber bands (see Fig. 4.3). The exterior is composed of polyurethane
foam which serves to dampen high-frequency oscillations. The PAMs in the upper and lower sec-
tions are internally connected so that only three input pressure lines are required, and they are
arranged such that for any bending of the upper section, bending in the opposite direction occurs
in the lower section. This ensures that the laser pointer mounted to the end effector points approx-
imately vertically downward and the laser light strikes the board at all times. The pressures inside
the actuators are regulated by three Enfield TR-010-g10-s pneumatic pressure regulators, which
accept 0 — 10V command signals corresponding to pressures of approximately 0 — 140 kPa. In

the experiments, the input is three-dimensional and corresponds to the voltages applied to the three

Thttps://youtu.be/FgZmlQh3Ffc
Zhttps://github.com/ramvasudevan/soft-robot-koopman
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Figure 4.3: The soft robot consists of two bending segments encased in a foam exterior with a
laser pointer attached to the end effector. A set of three pressure regulators is used to control the
pressure inside of the pneumatic actuators (PAMs), and a camera is used to track the position of
the laser dot.

pressure regulators. The state is two-dimensional and corresponds to the position of the laser dot

with respect to the center of the board in Cartesian coordinates.

4.3.2 Characterization of Stochastic Behavior

Most mechanical systems demonstrate stochastic behavior (i.e. when an identical input and state
produces a different output) to some extent. Stochastic behavior is characteristic of electronic
pressure regulators, which can limit the precision of pneumatically driven soft robotic systems and

undermine the predictive capability of models.
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Figure 4.4: The left plot shows the average response of our soft robot system over a single period
when the sinusoidal inputs of varying frequencies described by (4.13) are applied. All of the par-
ticular responses are subimposed in light grey. The right plot shows the distribution of trajectories
about the mean, with all distances within two standard deviations (0.43 cm) highlighted in grey.
The width of the distribution illustrates how it is possible for identical inputs to produce outputs
that vary by almost 1 cm.

We quantified the stochastic behavior of our soft robot system by observing the variations in

output from period-to-period under sinusoidal inputs to the three actuators of the form

6sin(25kT) + 3

ulk] = | 6sin(22kT, — ) +3 (4.13)
6sin(ZkT, — 2L) +3

for periods of 7' = 6,7,8,9,10, 11, 12 seconds and a sampling time of 7 = 0.083 seconds with a
zero-order-hold between samples. Under these inputs, the laser dot traces out a circle with some
variability in the trajectory over each period. In Fig. 4.4 the trajectories over 210 periods are super-
imposed along with the average over all trials. The standard deviation of this distribution is 0.215
cm. This inherent stochasticity will limit the tracking performance of the system, independent of

the employed controller.
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4.3.3 Data Collection and Model Identification

Data for constructing models was collected over 12 trials lasting approximately 5 minutes each. A
randomized “ramp and hold” type input was applied during each trial to generate a representative
sampling of the system’s behavior over its entire operating range. To ensure randomization, a
matrix T € [0,10]3%10% of uniformly distributed random numbers between zero and ten was
generated to be used as an input lookup table. Each control input was varied between elements in
consecutive columns of the table over a transition period 7),, with a time offset of 7, /3 between
each of the three control signals, and with a sampling time of 7 = 0.083 seconds with a zero-

order-hold between samples

wilk] = (Ti’j“Tu_ Tis) (kTS 4 U= DL _31)T“) + Ty (4.14)
where j = floor (k:TS / Tu) is the current index into the lookup table at time ¢. Three trials were
conducted using each of the transition periods 7;, = 2, 3,4, 5 seconds.

Four models were fit from data: a linear state-space model using the subspace method [90], a
linear Koopman model using the approach from Section 3.1.3.1, a nonlinear Koopman model using
the approach from Section 3.1.3.4, and a Nonlinear Autoregressive with External Input (NARX)
neural network model identified using the Levenberg-Marquardt backpropogation algorithm. Each
of theses models was trained from the same set of randomly generated data just once, independent
of any specific task.

The linear state-space model provides a baseline for comparison and was identified using the
MATLAB System Identification Toolbox [71]. It is a four dimensional linear state-space model
expressed in observer canonical form.

The linear Koopman model was identified using a set of 45, 103 snapshot pairs {a®), b(*)} that
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incorporate a single delay d = 1:

y® y*+D)
a® — Yy pk) — y® (4.15)
w1 u®

and used an N = 36 dimensional set of basis functions consisting of all monomials of maximum
degree 2. To find the sparsest acceptable matrix representation of the Koopman operator, (3.48)
was solved for A = 0, 1, 2, ..., 50. Predictions from the resulting models were evaluated against a
subset of the training data, with the error quantified as the average Euclidean distance between
the prediction and actual trajectory at each point, normalized by the average Euclidean distance
between the actual trajectory and the origin. Fig. 4.5 shows that as A increases so does this error,
but the density of the A matrix of the lifted linear model decreases. The model chosen used a value
of A = 50, because it yielded an A matrix with roughly 80% of its elements equal to zero without
significantly increasing the model prediction error.

The nonlinear Koopman model was identified using a set of 45, 103 snapshot pairs {a®, b(*)}

that have the input appended, but do not incorporate any delays:

a® — : bk — (4.16)
u® u®)

and used an N = 35 dimensional set of basis functions consisting of all monomials of maximum
degree 3. To construct the Koopman operator matrix for this model, (3.48) was solved with A\ = 0,
which corresponds to the least-squares solution.

The NARX neural network model was identified using the same set of 45, 103 snapshot pairs
as the linear Koopman model, which incorporates a single delay d = 1. The model had 10 hidden

neurons, used sigmoid activation functions, and was trained using the MATLAB Neural Network

Toolbox [71].
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Figure 4.5: As the weight of )\ (the L! penalty term in (3.48)) increases, the density of the lifted
system matrix A decreases compared to the least-squares solution which occurs at A = 0. If the
projection operator P (defined in (3.51)) is not applied (shown by the the solid lines), this decrease
in density produces a large increase in model prediction error. If the projection operator P is
applied (shown by the dashed lines), the decrease in density is less significant, but the increase in
model prediction error is negligible. Here, a model prediction error of 0 denotes perfect tracking,
and a model prediction error of 1 denotes the tracking error of a prediction that remains at the
origin for all time.
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Table 4.1: Average Prediction Error Under Sinusoidal Inputs (cm)

Period of Sinusoidal Inputs (seconds)

Model Avg.

6 7 8 9 |10 | 11 | 12

Koop. (linear) [2.12(2.082.00{1.98|1.89|1.82| 1.74 | 1.92

State Space 5.56(5.17|4.97|4.834.64 4.44| 4.24 | 4.74

Koop. (nonlinear) |1.35(1.47[1.56|1.63|1.70{1.69| 1.69 | 1.61

Nonlinear| Linear

Neural Network |3.23(3.29(3.36(3.31|3.20|3.07| 2.94 | 3.18

4.3.4 Experiment 1: Model Prediction Comparison

The accuracy of the predictions generated by each of the four models was evaluated by comparing
them to the actual behavior of the system under the sinusoidal inputs defined in (4.13). This com-
parison data was not part of the training set. The model responses were simulated over one period
of the sinusoidal inputs given the same initial condition and input as the real system. Table 4.1
displays the average Euclidean distance between the predicted laser dot position and the actual
position at each point in time, and Fig. 4.6 shows the tracking performance for the case when the
inputs have period 7' = 6 seconds. These results illustrate that the Koopman models generate more
accurate predictions than the state space and neural network models with the nonlinear Koopman

model’s predictions being the best.

4.3.5 Experiment 2: Model-Based Control Comparison

Three of the identified models were used to construct four model predictive controllers denoted by

the following abbreviations:
L-MPC : Linear MPC controller based on the linear state-space model,
K-MPC : Linear MPC controller based on the linear Koopman model,

K-NMPC : Nonlinear MPC controller based on the nonlinear Koopman model,
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Figure 4.6: The actual response and the model predictions for the robot with the sinusoidal inputs
described in (4.13) with period 7" = 6 seconds applied. The left plot shows the actual trajectory of
the laser dot along with model predictions. The error displayed on the bottom plot is defined as the
Euclidean distance between the predicted laser dot position and the actual position at each point in

time.
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Figure 4.7: The results of the L-MPC controller (row 1, red), the K-MPC controller (row 2, blue),
the K-NMPC controller (row 3, orange), and the K-NMPC+LL controller (row 4, purple) in per-
forming trajectory following tasks 1-3. The reference trajectory for each task is subimposed in
black as well as a grey buffer with width equal to two standard deviations of the noise probability
density shown in Fig. 4.4.
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K-NMPC+LL : Nonlinear MPC controller based on the nonlinear Koopman model plus a linear

feedback term.

The neural network model was not used to construct a nonlinear MPC controller. Due to the
inherent computational advantages of linear MPC, we were only interested in comparing it against
the best-case version of nonlinear MPC. The nonlinear Koopman model demonstrated superior
prediction accuracy in Experiment 1, therefore we considered the inclusion of a neural network-
based NMPC controller to be superfluous.

The two controllers based on linear models (L-MPC , K-MPC ) both solve an optimization
problem in the form of (4.1) at each time step using the Gurobi Optimization software [91]. They
run in closed-loop at 12 Hz, feature an MPC horizon of 2 seconds (N, = 24), and a cost function
that penalizes deviations from a reference trajectory y™ over the horizon with both a running and

terminal cost:

Cost ({gi]}2%) =100 (y[Ni] - ymf[Nh])T (wINa) = y™[N0]) +
Nyl . 4.17)
#2201 (b - v*) - (wl) - 1)

In the L-MPC case, y[i| = Crx[i] where x, is the four dimensional system state and C', is the
projection matrix that isolates the states describing the current laser dot coordinates. In the K-MPC
case, y[i] = Cz[i], where C'is defined as in (3.35).

The two controllers based on the nonlinear Koopman model (K-NMPC , K-NMPC+LL ) com-
pute open-loop inputs offline that refresh at a rate of 2 Hz for an entire task by solving an optimiza-
tion problem in the form of (4.6) offline, with () = 100 X 545, R = I343. The K-NMPC controller
then applies these inputs to the system in open-loop without any feedback. The K-NMPC+LL
controller utilizes the same open-loop inputs, but also computes online feedback based on a local
linearization of the nonlinear Koopman model about the reference trajectory, and applies inputs in
the form of (4.5) at a rate of 10 Hz. In all four controllers, the inputs are constrained to be in [0, 10],

since a voltage outside of this interval is not a valid command signal into the pressure regulators.

97



Table 4.2: Average Error in Trajectory Following Tasks (cm)

Task Std.

Controller 1 5 3 Avg. Dev.
L-MPC 3.25|3.86 | 3.25| 3.45 | 0.35
K-MPC 0.4410.52 043|046 | 0.05

K-NMPC (open-loop) | 0.95|0.96 | 0.99 | 0.96 | 0.02
K-NMPC (with feedback) | 0.43 | 0.37 | 0.39 | 0.40 | 0.03

The tracking performance of the controllers was assessed with respect to a set of three trajectory
following tasks. Each task was to follow a reference trajectory as it traced out one of the following

shapes over a specified amount of time:
1. Task 1: Pacman (90 seconds)
2. Task 2: Star (120 seconds)
3. Task 3: Block letter M (180 seconds)

The error for each trial was quantified as the average Euclidean distance from the reference trajec-

tory at each time step over the length of the trial:

eyl — yili) " (yli] -yl

N steps

>
Error =

(4.18)

where Nips denotes the total number of time steps in a trial. The performances of all four con-
trollers in completing Tasks 1, 2, and 3 are shown visually in Fig. 4.7, and the error for each trial
is shown in Table 4.2.

The K-NMPC open-loop control inputs took 2.80, 11.57, and 15.82 hours to compute offline
for Tasks 1, 2 and 3, respectively, using GPOPS-II on a high-end computer setup with 1 TB RAM
and 144 CPUs running at 2.4 GHz. The L-MPC and K-MPC controllers computed control inputs
over a 2 second receding horizon in less than 0.083 seconds on a computer with 16 GB RAM and

a 3.6 GHz CPU, requiring no offline computations.
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4.3.6 Discussion

In all three tasks, the K-NMPC+LL controller achieved the best tracking performance, exhibiting
an overall average error of 0.40 cm, followed closely by the K-MPC controller with an average
error of 0.46 cm. The K-NMPC controller exhibited a larger average error of 0.96 cm as it was
unable to correct for errors online without the assistance of feedback. The L-MPC controller
exhibited the worst tracking performance with an average error of 3.45 cm, which is more than 3
times larger than the average error of any of the Koopman-based controllers.

The K-NMPC controller had the lowest standard deviation in its error which is evident by the
relative smoothness of its trajectories compared to those of the other controllers. This can likely be
attributed to the fact that the K-NMPC controller optimized the control input over the entire trial at
once, and did not have any way to correct for deviations online. The other controllers use feedback
to try to correct for tracking errors online, which resulted in some overshooting and oscillations
about the desired trajectory. In some applications, the reduced accuracy of the K-NMPC controller
may be preferable to the higher frequency behavior of the other controllers. It should be noted,
however, that this higher frequency behavior could likely be reduced by tuning the MPC cost
function parameters to eliminate overshoot. Therefore, the oscillatory behavior observed in these
experiments does not necessarily reflect a fundamental feature of the proposed MPC algorithms
themselves, but is likely just an artifact of this particular instance of them.

Considering that the standard deviation under repeated inputs as described in Section 4.3.2 is
0.215 cm, even a perfect controller would be expected to have an average error of approximately
0.215 cm. If we normalize that by the 50 cm width of the robot’s square-shaped workspace, it
amounts to an error of 4.3 x 10~® %. Normalized the same way, the average errors exhibited by
the K-MPC and K-NMPC+LL controllers are 9.2 x 1072 % and 8.0 x 10~3 %, respectively. Hence,
their performance may be considered on par with what is expected from a perfect controller in the
sense that their normalized error is of the same order of magnitude. In contrast, the normalized
L-MPC error is 6.9 x 1072 %, a full order of magnitude larger than that of the other controllers.

The poor performance of L-MPC can be attributed to the inaccuracy of the linear state-space
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model upon which it was based, since it is identical to the K-MPC controller in every other way.
This should not be surprising considering the results of Experiment 1, in which the linear state-
space model consistently provided the worst predictions over a 2 second horizon (shown in Table
4.1).

While the K-NMPC+LL controller achieved a slightly better tracking performance than the
K-MPC controller, the K-MPC controller would still be preferable for most applications due to
its vastly superior computational efficiency. The K-NMPC optimization problem took so long to
solve (> 2 hours) that its solution had to be be computed offline, whereas the K-MPC optimization
problem could be repeatedly solved in less than 0.083 seconds over a 2 second receding horizon
online. The K-MPC controller is also capable of adapting to a changing reference trajectory online
since it does not rely on linearizations about a predetermined path. This makes it much more
reliable in the presence of external disturbances, which is a topic that could be explored in future

work.
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CHAPTER 5

Model-based Control Under Loading

One of the primary benefits of soft robots is that they can safely interact with humans. This
makes them desirable for human-assistive tasks, many of which require object manipulation. Un-
fortunately, interacting with objects significantly modifies the dynamics of soft robots since soft
materials exhibit substantial non-localized deformation under loading. This poses a challenge for
model-based control, which relies on an accurate dynamical model to choose suitable control in-
puts for a given task. Thus, for a controller to achieve consistent performance in tasks that involve
variable loading conditions, it must account for the loading induced changes in the underlying
system dynamics.

This chapter presents a Koopman-based framework that explicitly incorporates loading condi-
tions into a dynamical system model to enable real-time control design. By incorporating loads
into the model as states, this approach is able to estimate loading online via an observer within
the control loop (see Fig. 5.3). This observer infers the most likely value of the loading condition
given a series of input-output measurements. The knowledge that is gained in this process enables
consistent control performance under a wide range of loading conditions. In fact, the idea of esti-
mating loading conditions has been explored for rigid-bodied robots in the past [92, 93], but has
not been explored for robots that experience continuous deformations under load. By using our
proposed Koopman-based approach, we are able to transfer these rigid-body results into the world
of soft robots.

In Section 5.1, we describe how to incorporate loading conditions into a Koopman model
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and how to construct an observer to estimate them. In Section 5.2 we apply this approach to
the planar 3-link arm from previous chapters with external loads applied, and demonstrate that
online load estimation greatly improves controller performance under variable loading conditions.
In Section 5.3, we demonstrate real-time, fully autonomous control of a pneumatically actuated
soft continuum manipulator using this approach. In several validation experiments our controller
proves itself to be more accurate and more precise across various payloads than several other
model-based controllers which do not incorporate loading. This experiment amounts to the first
implementation of a closed-loop controller that explicitly accounts for loading on a soft continuum
manipulator and the first demonstration of autonomous pick and place for objects of unknown mass

on a soft continuum manipulator.

5.1 Incorporating Loading Conditions into Koopman Models

We desire a way to incorporate loading conditions into our dynamic system model and to estimate
them online. We can achieve this by including a parametrization of the loading conditions within
the lifted states of a Koopman realization of the system, and then constructing an online observer
to estimate them. This strategy utilizes the Koopman model to infer the most likely value of the
loading conditions given a receding horizon of past input-output measurements.

The proposed observer estimates the loading condition by solving an optimization problem on-
line, but the computational benefits of utilizing a linear or bilinear Koopman realization described
in previous chapters would be negated by adding a computationally inefficient observer into the
control loop. Therefore, the proposed load-estimation framework incorporates the load into the

system such that the load estimation optimization problem is a convex linear program.

5.1.1 Load Estimation for Linear Models

Let w[i] € W C RP? be a parametrization of the loading conditions on a system at the i time-step.

For example, w|i] might specify the mass at the end effector of a manipulator arm, or the direction
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of gravity, or both. We incorporate the loading condition into the lifted state z[i] using a new lifting

function v : Y x W — R=m)(+1) which accepts wi] as a second input and is defined as:

g(yli]) ,
wiei| |70 T
i =yl = |77 e
‘ 0 o glyli i
gl lil| W)
- - T'(yli])

where g is the original lifting function (3.22), I'(y[i]) € R(N=m@+1)) <+ 5 the matrix formed
by diagonally concatenating g(yli]) (p + 1) times, and w;[i] denotes the j™ element of w(i]. We
purposely define the lifted state as an affine function of the load condition to ensure that solving
for it will be computationally efficient. Note that because this lifting function requires the loading
condition as an input, it must also be included in the snapshots (a*), b u®*) w®*)) to construct
a Koopman model that accounts for loading.

Although the loading condition is not measured directly, its value can be inferred based on the
system model and past input-output measurements. We construct an observer that estimates its
value at the i time-step, w|i], by solving a linear least-squares problem using data from the N,
previous time-steps. Notice that the output at the i time-step y[i] can be expressed in terms of the
input u[i — 1], the output y[i — 1], and the load w[i — 1] at the previous time-step by combining

the linear model equations of (3.19) and then substituting (5.1) for z[i — 1],

yli] = C (Az[i — 1] + Bu[j — 1]) (5.2)

= CAT(y[i — 1)) ol CBuli —1]. (5.3)

wli — 1]

Solving for the best estimate of w[i— 1] in the L*-norm sense, denoted w[i — 1] yields the following
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expression,

[,1 . = (CAT(ylj — 1))’ (ylj) = CBulj - 1)) (5.4)

where T denotes the Moore-Penrose psuedoinverse.

Under the assumption that the loading is equal to some constant w over the previous N, time
steps, i.e. w[i] = w fori = j — N,,...,j, we can similarly find the best estimate over all N,
timesteps. Since this estimate is based on more data it should be more accurate and more robust to

noisy output measurements. We define the following two matrices,

CAT(y[j —1])
Ay = ; (5.5)

CAT(y[j - Nu)

ylj] = CBulj — 1]
Ap = : (5.6)

ylj — Ny + 1] — CBulk — N,|

Then, following from (5.4), the best estimate for w over the past N, time-steps in the L2-norm

sense, denoted w, is given by

= Al Ap, (5.7)

w

where T again denotes the Moore-Penrose psuedoinverse.

5.1.2 Load Estimation for Bilinear Models

The load estimation problem for bilinear realizations is very similar to the linear case. The lifted

state z[4] is again defined as in (5.1). Then, the output at the ™ time-step y[i] can be expressed in
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terms of the input w[i — 1], the output y[i — 1], and the load w]i — 1] at the previous time-step by

combining the bilinear model equations of (3.28) and then substituting (5.1) for z[i — 1],

yli| =C | Az[i — 1] + Bu[i — 1] + isz[i — 1u,fi — 1] (5.8)
n 1
=C | Al(y[i —1]) + Z H;T(y[i — 1])u i — 1] - +CBu[i—1] (5.9
j=1 w|t—1

Solving for the best estimate of w[i — 1] in the L2-norm sense, denoted w|i — 1] yields the following

expression,

T

. = C’AF(y[i—1])+C'ZHjF(y[i—1])uj[i—1] (ylj] — CBulj — 1))

(5.10)

where T denotes the Moore-Penrose psuedoinverse.
Again, under the assumption that the loading condition is equal to some constant w over the
previous NV, time steps, we can find the best estimate over all N, time-steps. We define the

following two matrices,

CAT(yli — 1)) + C 7 HyT(yli — 1])uli — 1]
Ay = : (5.11)

|CAT(yli = No|) + C 350, HiT(yli — Nulusli — Nu))

ylj] — CBulj — 1]
Ap = : (5.12)

ylj — Ny + 1] — CBulk — N,|

Then, following from (5.10), the best estimate for w over the past N,, time-steps in the L?-norm

sense, denoted w, is given by (5.7).
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5.1.3 Load Estimation for Nonlinear Models

In contrast to the linear and bilinear cases, nonlinear Koopman realizations advance the output
directly, rather than via a lifted state. To incorporate loading conditions into a nonlinear Koopman
model, we begin by defining a new lifting function that accepts the loading condition w|i] as an

additional input v : R»*™*P — RN®+1)_ defined as

P (yli], uli])
y(ylilufil wlil) = | - 1] (5.13)
0 P(yli], uli])
W(yli], wi)wyli] | _ y[i], uld] ]
) - D (yliluli])

where ) is the original nonlinear lifting function (3.38), I'(yli], u[i]) € R(NEHD)<(0+D) g the
matrix formed by diagonally concatenating v (y[i], w[i]) (p + 1) times, and w;[i] denotes the ;™
element of w/i].

Using this lifting function, the nonlinear discrete flow map T" : Y x U x W — R" resulting

from the system identification technique described in Section 3.1.3.3 will be,

Tyl uli), wlil) = | Lo Oxgn | KEAVI] wli], wli) (5.14)

= Tnxn Oy | Kr.T (g, wi]) - (5.15)
- - w1

Using this expression for the discrete flow map, the output at the 7™ time-step y[i] can be expressed

in terms of the input u[i — 1], the output y[i — 1], and the load w(i — 1] at the previous time-step,

ylil = [T O | KETG@li— uli-1) | | (516
wli — 1]

Solving for the best estimate of w|[i—1] in the L?-norm sense, denoted w|i — 1] yields the following
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expression,

T
1 _
wli — 1]
Then, under the assumption that the loading condition is equal to some constant w over the previ-

ous NV, time steps, we can find the best estimate over all NV,, time-steps. We define the following

two matrices,

i Ouweivon| KLl 1l 1)

Ay = : (5.18)

|:[n><n OnX(N—n):| IE;SF(y[Z - Nw], ’LL[Z - Nw])

ylj]
Ap = : (5.19)

_y[j — N, + 1]

Then, following from (5.17), the best estimate for w over the past N,, time-steps in the L?-norm

sense, denoted w, is given by (5.7).

5.1.4 Online Load Observer

A Koopman model that incorporates loading conditions is perfectly compatible with the model-
based controllers described in Chapter 4. In this case, the controller predictions depend on the
estimate of the loading conditions w. This estimate must be periodically updated using the method
described in the preceding three sections. By construction, solving (5.7) to estimate the load is
computationally efficient because it is a convex least-squares problem. However, for systems with
relatively stable loading conditions, it is still inefficient to compute a new load estimate at every
time-step. Therefore, we define a load estimation update period N, as the number of time steps

to wait between load estimations. Increasing N, will likely increase the accuracy of each load
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Algorithm 8: Koopman MPC with Load Observer
Input: Prediction horizon: N},
Koopman Model Realization: Linear (3.19), Bilinear (3.28), or Nonlinear (3.36)
for k=0,1,2,...do
if £ mod N, = 0 then
Estimate w’[j] via (5.7)

w[k| = mean(w’[j], w[k — 1],...,w[k — N,])
J=7+1
else
| w[k] = w[k — 1]
end

Step 1: Solve MPC problem to find optimal input (w[i]*)~"

Step 2: Set u[k] = u[0]*
Step 3: Apply u[k] to the system
end

estimate, but will also reduce responsiveness to changes in the loading conditions. To balance
accuracy with responsiveness, we update w every /N, time steps by setting it equal to the average
of the new load estimate and the previous N, load estimates, where N, is another user defined
constant. Algorithm 7 summarizes the closed-loop operation of a Koopman-based MPC controller

with these periodic load estimation updates.

5.2 Application: Planar 3-Link Arm with Loads

In Section 3.2 we introduced a planar 3-link arm system, and in Section 4.2 we illustrated how it
could be accurately controlled using an MPC controller based on a bilinear Koopman realization.
We now consider the same system, but with loads applied.

The loading condition w(i] € R? is defined as the mass of the end effector and the direction
of gravity at the ™ time-step. Specifically w[i] is equal to the mass of the the end effector, and
wy|i] is equal to the angle between the direction of gravity and the B coordinate axis, as shown
in Fig. 5.1. Note that the load condition defined here does not conform to the colloquial use of
the word “load” to mean a force. The framework presented in this chapter is flexible enough to

accommodate any sort of external condition that affects the dynamics of the system, even if strictly
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Figure 5.1: Three link planar arm system with joint torques defined as the input and locations of
the end of each link defined as the output. A load with mass w; kg is attached to the end effector
and the direction of gravity with respect to the unit vector /3 is described by the angle ws.
speaking it would not usually be referred to as a load. For this reason, some may prefer to call w|i
an “uncontrolled input” rather than a loading condition.

To showcase the benefits of explicitly accounting for loading conditions in Koopman-based
models and controllers, we compare the performance of a controller that does account for loading
conditions to one that does not. In Section 4.2 it was concluded that only the MPC controller
based on the bilinear Koopman realization (K-BMPC) was a viable closed-loop controller for the
system. Therefore, we construct a new bilinear model with lifted state defined as in (5.1) and
controller with load observer as described by Algorithm 8, then compare the performance of this

controller to that of the K-BMPC controller from Section 4.2. This new controller is denoted
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KL-BMPC for “Koopman-based loaded bilinear model predictive controller”.

5.2.1 Control Performance Comparison

A bilinear model with loading incorporated into it was identified using data from a collection of
22 trials of length 40 seconds during which randomized “ramp and hold” type inputs were applied.
One trial was conducted for every combination of end effector loads in the set {0, 1} kg and gravity
directions in the set {—7 + k{5|k = 0,..., 10}, for the total of 22 trials. The approximation of
the Koopman operator was constructed using the lifted state as defined in (5.1), where the output
dependent lifting function g : Y — RY is defined for some gy € Y C RS as,

T

9@ = |a(9) - gn(¥)| (5.20)

and the set of functions {g; : ¥ — R}, is defined as all monomials of the elements of the
output up to degree 3 such that N = (6 + 3)!/(6!3!) = 84. The complete lifting function

Y :Y x U x W — RN@HD4D i defined for some ¢ € Y, @ € U and w € W as,

Y(g,a,w) = : : (5.21)

(g, w, w) is 1008 dimensional since N = 84, p = 2, m = 3, but using the dimensional reduction
technique described in Section 3.1.4.2 this dimension was reduced to 384. The bilinear realization
matrices A, B, {H, };":1 were identified according to Algorithm 2, without an L!-penalty term or
projection matrix.

This loaded bilinear realization was used to construct a model predictive controller in the

form of Algorithm 8, which we refer to by the abbreviation KL-BMPC. The prediction horizon
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Table 5.1: Average Tracking Error for Circular Trajectory Following with Load (cm)

Loading Condition
w=[1,—%]" w = [1,0]" w=[17%]"
K-BMPC 13.8 3.8 19.6
KL-BMPC 4.3 1.8 3.8

is N;, = 10, and the cost function and constraints are identical to those of the K-BMPC controller
from Section 4.2. For the load observer, the load estimation horizon is /N, = 20, the number of
steps between load estimate updates is N, = 10, and the number of previous estimates to aver-
age over is IV, = 1. In terms of time units, the load estimation horizon is 1 second and the time
between load estimate updates is 0.5 seconds, since the length of one time-step for the system is
T, = 0.05 seconds.

The K-BMPC and KL-BMPC controllers were each tasked with moving the end effector
along a 15 second circular reference trajectory under the constant loading conditions in the set
{[1,=%]7,[1,0]",[1, %] }. Note that these loading conditions were not among those used in the
training trials. The performance of each controller is shown in Fig. 5.2, and the average tracking

error over all time-steps for each trial is given in Table 5.1.

5.2.2 Discussion

The KL-BMPC controller achieved a more accurate and consistent control performance across
various loading conditions. This showcases the advantage of explicitly incorporating loading con-
ditions into the model and controller. Even though neither controller was provided with explicit
knowledge of the loading condition, the KL-BMPC controller was able to improve the accuracy of
its model over time by computing load estimates online.

Across all three trials, the average tracking error of the K-BMPC was 2 to 5 times larger
than that of the KL-BMPC controller. The smallest difference in performance occurred under

the loading condition w = [1,0]". This may be due to the fact that this loading condition is the
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Figure 5.2: The performance of the K-BMPC (red) and KL-BMPC (purple) controllers for a circu-
lar trajectory following task under several loading conditions. Each column shows the results for a
different direction of the gravitational field, which is illustrated by grey arrows. The top row shows
the trajectory of each controller superimposed over the reference trajectory (grey). The bottom row
shows the tracking error for each controller over the 15 second trajectory.
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most similar to the conditions under which K-BMPC’s model was trained (i.e. w = [0,0]").

The error plots in Fig. 5.2 show that at the beginning of each trial, both controllers have nearly
identical tracking error. However, as more time passes the load estimates computed by the KL-
BMPC controller improve, causing the overall tracking error to decrease significantly. In contrast,
the K-BMPC controller is incapable of improving its tracking performance over time because it

does not have the capacity to incorporate load information into its model.

5.3 Application: Soft Continuum Manipulator with Payload

Using the modeling and control approach presented in Section 5.1.1, we demonstrate consistent
control of a pneumatically-driven soft continuum manipulator arm under various loading condi-
tions. This section describes the soft continuum manipulator and the set of experiments used to
demonstrate the efficacy of its controller and load observer. Footage from these experiments can

be found in a supplementary video file'.

5.3.1 System Identification of Soft Robot Arm

To validate the modeling and control approach described in Section 5.1, we applied it to a soft
robot arm capable of picking-up objects and moving its end effector in three-dimensional space.
The robot, shown in Fig. 5.4, is 70 cm long and has a diameter of 6 cm. It is made up of three pneu-
matically actuated bending sections and an end effector comprised of a granular jamming vacuum
gripper [1]. Each section is actuated by three pneumatic artificial muscles (PAMs) [48] which are
adhered to a central spine consisting of an air hose encased in flexible PVC foam tubing. Another
much larger sleeve of flexible PVC foam surrounds the actuators, which serves to dampen high
frequency oscillations and make the body of the arm softer overall. The air pressure inside the ac-
tuators is regulated by 9 Enfield TR-010-g10-s pneumatic pressure regulators that accept 0 — 10V

command signals corresponding to pressures of approximately 0 — 275 kPa, and are connected to

Thttps://youtu.be/g2yRUoPK40c
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Figure 5.3: A soft continuum manipulator is tasked with following a reference trajectory 7 |[k]
while carrying an unknown payload. At each time step a model predictive controller computes the
optimal input u[k] to follow the reference trajectory based on a linear Koopman operator model,
and the position of the end effector y[k| is measured by a motion capture system. An observer
computes a payload estimate w based on the previously measured inputs and outputs, which is
then incorporated into the state of the model z[k] via a lifting function.
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Figure 5.4: The soft robot arm consists of three bending sections, each actuated by three pneumatic
artificial muscles (PAMs). The actuators are surrounded by a sleeve of flexible PVC foam, and
pressurized air is supplied to the actuators via air hoses that wind around the exterior. The end
effector consists of a granular jamming vacuum gripper [ 1], which is connected to a vacuum pump
by a hose that runs along the interior of the arm.
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the actuators by air hoses that wrap around the outside of the foam sleeves. The exterior of the
arm is covered in retro-reflective markers which are tracked using a commercial OptiTrack motion
capture system.

We quantified the stochastic behavior of our soft robot system by observing the variations in
output from period-to-period under sinusoidal inputs with a period of 10 seconds and a sampling
time of 7T = 0.083 seconds with a zero-order-hold between samples. Over 60 periods, the trajec-
tory of the end effector deviated from the mean trajectory by an average of 9.45 mm and with a
standard deviation of 7.3 mm. This inherent stochasticity limits the tracking performance of the
system, independent of the employed controller.

For the purposes of constructing a dynamic model for the arm, the input was chosen to be the
command voltages into the 9 pressure regulators and at each instance in time was restricted to
[0, 10]°. The output was chosen to live in RY and corresponds to the positions of the ends of each
of the 3 bending sections in Cartesian coordinates with the last 3 coordinates corresponding to the
end effector position. The parametrization of the loading condition lives in R, and is chosen to be
the mass of the object held by the gripper.

Data for constructing models was collected over 49 trials lasting approximately 10 minutes
each. A randomized “ramp and hold” type input and a load from the set {0, 50, 100, 150, 200, 250, 300}
grams was applied during each trial to generate a representative sampling of the system’s behavior
over its entire operating range.

Three models were fit from the data: a linear state-space model using the subspace method [90],
a linear Koopman model that does not take loading into account using the approach described in
Section 3.1.2, and a linear Koopman model that does incorporate loading using the approach from
Section 5.1.1. Each of theses models was fit using the same set of 325, 733 randomly generated
data points just once, independent of any specific task.

The linear state-space model provides a baseline for comparison and was identified using the
MATLAB System Identification Toolbox [71]. This model is a 9 dimensional linear state-space

model expressed in observer canonical form.
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The first Koopman model (without loading) was identified on a set of K = 325, 732 snapshot

pairs {a® b*) 4®}E  that incorporate a single delay d = 1:

y(k) y(k+1)
a® = | 401 | b = | 4®) | . (5.22)
u(kl*l) u(k)

Note that the dimension of each snapshot is 2n + m = 2(9) + 9 = 27 due to the inclusion of the
delay, and we denote by y?[k] € R?" one of these outputs which has delays included at some time

k. The the lifting function 1) : R?™9 — R!!! was defined as

Y(y[k], ulk]) = (5.23)

where the range of g has dimension N = 102, g;(y?[k]) = y@[k] for i = 1,...,27, and the re-
maining 75 basis functions {g; : R*" — R}1%; are polynomials of maximum degree 2 that were
selected using the SVD dimensional reduction method described in Section 3.1.4.2.

The second Koopman model (with loading) was identified on the same set of snapshot pairs
as the first model, but with the loading included {a®, b u®) w®}K = The lifting function

1 R?™9 5 R?3! was defined as,

wipp] | P
(], ulk], wik)) = |7 w;] = | gy ])ewli] (5.24)

where the range of g has dimension N = 111, g;(y?[k]) = y?[k] for i = 1,...,27, and the re-
maining 84 basis functions {g; : R” — R}'L; are polynomials of maximum degree 2 that were

selected using the SVD dimensional reduction method described in Section 3.1.4.2 once again.
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5.3.2 Description of Controllers

Three model predictive controllers were constructed using the data-driven models described in the
previous section. Each controller uses one of the identified models to compute online predictions

and is denoted by an abbreviation specifying which model,
* L-MPC: Uses the linear state-space model
* K-MPC: Uses the Koopman model without loading
* KL-MPC: Uses the Koopman model with loading

All three controllers solve a quadratic program at each time step using the Gurobi Optimization
software [91]. They run in closed-loop at 12 Hz, feature an MPC horizon of 1 second (N, = 12),
and a cost function that penalizes deviations of the position of the end effector from a reference

trajectory over the prediction horizon.

5.3.3 Experiment 1: Trajectory Following with Known Payload

We first evaluated the relative performance of the three controllers when the payload at the end
effector is known. With this information given, the manipulator is tasked with moving the end ef-
fector along a three-dimensional reference trajectory lasting 20 seconds. Six trials were completed
for payloads of 25, 75, 125, 175, 225, and 275 grams. The actual paths traced out by the end
effector and the tracking error over time for 3 of the trials are displayed in Fig. 5.5, and the RMSE
tracking error for all 6 trials is compiled in Table 5.2. It should be noted that only the KL-MPC
controller is capable of actually utilizing knowledge of the payload, since the other 2 controllers

are based on models that do not incorporate loading conditions.

5.3.4 Experiment 2: Online Estimation of Unknown Payload

We evaluated the performance of the online load observer under randomized “ramp and hold” type

inputs and a sampling time of 7 = 0.083 seconds. New estimates were calculated every N, = 12
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Figure 5.5: Experiment 1 Results: The end effector trajectories for the L-MPC (left), K-MPC
(center), and KL-MPC (right) controllers when the true value of the payload is known. Trajectories
corresponding to a payload of 25g are shown in blue, trajectories with a payload of 125g are shown
in red, trajectories with a payload of 225g are shown in yellow, and the reference trajectory is
shown in grey.

Table 5.2: Experiment 1: RMSE (mm) over entire trial
Payloads (grams) Ay Std.
25 [ 75 | 125 [ 175 | 225 | 275 | °V®' | Dev.
L-MPC |73.0(729 (726719723743 |72.8 | 0.8
K-MPC |554]33.9]29.5]20.0{24.8|27.8|31.9 | 124
KL-MPC | 26.1 | 23.7 | 20.6 | 19.5 | 18.2 | 204 | 214 | 2.9

Controller

time-steps by solving (5.7) using measurements from the previous NV,, = 30 time-steps, and w was
computed by averaging over the most recent NV, = 360 estimates. Three trials were conducted with
payloads of 25, 125, and 225 grams, none of which were in the set of payloads used for system

identification, and the results are displayed in Fig. 5.6

5.3.5 Experiment 3: Trajectory Following with Unknown Payload

To evaluate the efficacy of the combined control and load estimation method summarized by Al-

gorithm 8, we measured the manipulator’s performance in tracking a periodic reference trajectory
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Figure 5.6: Experiment 2 Results: Online payload estimation under random inputs using the
method described in Section 5.1.1. Three trials are shown for payloads of 25g, 125g, and 225g,
with the actual payload used for each trial marked by a dotted line, and the payload estimate marked
a solid line. Results for the 25g payload are shown in blue, results for the 125g payload are shown
in red, and results for the 225g payload are shown in yellow.
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Figure 5.7: Experiment 3 Results: Periodic trajectory following with an unknown payload. The
payload estimate over time (top) and tracking error over time (bottom) are shown for three trials
with payloads of 25g, 125g, and 225g. Results for the 25g payload trial are shown in blue, results
for the 125g payload trial are shown in red, and results for the 225g payload trial are shown in
yellow.

when the payload is not known. Once again three trials were conducted with payloads of 25, 125,
and 225 grams. The periodic reference trajectory was a circle with a diameter of 200 mm. Note that
this trajectory was not part of the training data. The KL-MPC controller was run at 12 Hz and w

was updated according to the same parameters as in Experiment 2 (N, = 12, N,, = 30, N,. = 360).

Results of this experiment are shown in Fig. 5.7.

5.3.6 Experiment 4: Automated Object Sorting (Pick and Place)

The load estimation algorithm and KL-MPC controller were utilized to perform automated object

sorting by mass. Five objects were selected, each with mass between 0 and 250 grams, and five
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Figure 5.8: Objects used for Experiment 4: In each trial, the soft manipulator sorted a set of five
objects according to their mass, based on an estimate computed by the online observer described
in Section 5.1.1. The set of objects used for each trial are separated by row, and the mass of each
object is written below it.

cups were placed in front of the manipulator, each corresponding to a 50 gram interval between
0 and 250 grams (i.e. 0-50, 50-100, etc.). The range from 250-300 grams was not used for this
experiment, because such loads too severely reduce the workspace of the robot. The objects used
and their masses are shown in Fig. 5.8. Given one of these objects, the task was to place the
object into the cup corresponding to its mass. For each trial, a human assists the manipulator with
grabbing the object, then the manipulator performs KL-MPC with load estimation (Algorithm 8)
while following a circular reference trajectory for 15 seconds. After 15 seconds, load estimation
stops, and a “drop-off” reference trajectory is selected that will move the end effector towards the
cup corresponding to the most recent payload estimate. The manipulator then uses KL.-MPC to
follow the “drop-oft” trajectory and deposits the object into the cup. This cycle repeats until all 5
objects are sorted into the proper cup. Using this strategy, the manipulator properly sorted 5 out of
5 objects in 2 separate trials, using a different set of objects each time (see Fig. 5.8). Footage of

these trials can be seen in a supplementary video file’.

Zhttps://youtu.be/g2yRUoPK40c
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5.3.7 Discussion

This section uses a Koopman operator based approach to model and estimate a variable payload of
a soft continuum manipulator arm and employs this knowledge to improve control performance.
Experiments confirms that incorporating knowledge about the payload into the model improves
tracking accuracy and makes the controller more robust to changes in the loading conditions. In
Experiment 1, the KL-MPC controller, which incorporated the payload value, reduced the RMSE
tracking error averaged over all payloads by approximately 33% compared to the K-MPC con-
troller that did not utilize information about the payload and reduced the standard deviation of the
tracking error by about 77% (see Table 5.2).

To automate the process of identifying payload values, we implemented an observer that was
able to automatically estimate unknown payloads within 25 grams in a time of about 15 seconds
(see Fig. 5.6). It is notable that this approach was capable of estimating loads other than those
presented in the training data set that was used during model-identification. We did not observe
over-fitting to the behavior seen under limited loading conditions which suggests that, despite the
fact that the approach is data-driven, the identified Koopman model is able to capture the actual
physical effect of various loading conditions.

By combining the estimation, modeling, and control into a single MPC algorithm (Algo-
rithm 8), we demonstrated the effectiveness of our approach to improve control accuracy under
unknown loading conditions. We first tracked periodic trajectories with an unknown payload.
Since the controller needs some time to establish an accurate estimate of the load, the tracking er-
ror gradually decreases over time as the load estimate becomes more reliable. After approximately
15 seconds, the tracking error decreased to less than 30 mm, which was about equal to the error
with a known load value.

As a final demonstration, we implemented successful pick-and-(mass-based)-place object ma-
nipulation using the same algorithm. Unknown objects were successfully sorted by mass, taking
advantage of the fact that the payload estimate was accurate enough to choose the correct con-

tainer for each object and that the tracking error of the “drop-off™ trajectory was small enough not
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to miss the cup. This required a payload estimate accuracy of less than 50 grams, and a tracking
error accuracy of less than 45 mm (the radius of the cups).

While the manipulator exhibited sufficient accuracy to complete this task, several modifica-
tions could be made to the robot and controller to improve performance even further. First, the
workspace of the manipulator could be greatly enlarged by replacing some of the current actuators
with more powerful ones. This could be done without significantly increasing size or weight just
by increasing the diameter of the PAMs [48]. Second, a model and controller could be identified
with a shorter sampling time, which would enable the model to account for higher frequency be-
havior and track more dynamic trajectories. This could be achieved by making upgrades to our
computational hardware and optimizing our code. Even with these changes, the system’s inher-
ent stochasticity would limit tracking accuracy, but these improvements would likely enable much

more accurate control.
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CHAPTER 6

Conclusion

The goal of this dissertation was to increase the capabilities of soft robots by providing a universal
modeling and control framework for them. To that end, two distinct modeling approaches were
presented. The first, a static modeling approach for fluid-driven systems, provides a geometry de-
pendent mapping between fluid pressure and force. Because pneumatics and hydraulics remain the
most common methods of actuation for soft robotic systems, this framework has broad relevance
across the field. The second, a dynamic modeling approach based on Koopman operator theory,
provides a data-driven way to represent the input-output behavior of arbitrary soft robotic systems
in a computationally efficient manner. These modeling approaches combined with model-based
optimal control techniques comprise a novel modeling and control framework catered specifically
to soft robots.

The results presented in this dissertation constitute a clear advancement of the state of the art,
but there is still much work left to do before the capabilities of soft robots are on par with their
rigid-bodied counterparts. This chapter seeks to articulate some of the remaining challenges and

avenues for future work in light of the present contributions.

6.1 Discussion of Contributions

The value of the modeling and control framework presented in this dissertation lies in its ability to

be applied to any soft robotic system. Hopefully by reducing the time and effort spent developing
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custom models for each robot this framework will accelerate the development and deployment of
novel soft robotic systems. Each chapter presents one aspect of this overall framework:

Chapter 2 presents a static modeling approach for systems of fluid-driven actuators, which
are the most common type of actuators used in soft robots. Unlike the the data-driven approach
presented and utilized in later chapters, this approach is physics-based. This means that it can
be used to inform the design of hypothetical soft robots before actually constructing them. The
downside of this modeling approach is that it is based on a myriad of simplifying assumptions
which limit its accuracy. While a valuable design tool, the approach does not yield models that are
sufficiently accurate for control.

Chapter 3 presents a dynamic modeling approach for finite-dimensional (nonlinear) dynamical
systems. Unlike the approach from Chapter 2, this one is data-driven and avoids physics-based
simplifying assumptions. This approach cannot be used to inform design, but captures the behavior
of soft robots accurately enough to inform control. Unlike many other data-driven models, which
identify black-box models via nonlinear optimization, this approach identifies control-oriented
models via linear regression. This makes accurate dynamical models easier to construct, enabling
the rapid development of control strategies that exploit the unique characteristics of soft robots.

Chapter 4 builds on the contributions of Chapter 3 by incorporating data-driven models into a
model-based optimal control scheme. This scheme was proven capable of achieving accurate real-
time control of a real soft robotic system, and outperforming several other benchmark controllers.

Chapter 5 extends the modeling and control methods from Chapter 3 and Chapter 4 to accom-
modate loading conditions. These loading conditions need not be external forces or masses, but
can be a representation of any external disturbances that modify the dynamics of the system. Using
this approach, we demonstrated real-time, fully autonomous control of a pneumatically actuated
soft continuum manipulator, and executed the first successful demonstration of a soft manipulator
performing a pick and place task for objects of unknown mass. While, so far, the approach has
only been validated on one specific instance of a pneumatically-actuated soft manipulator, it theo-

retically should be compatible with other types and classes of soft robotic systems. We thus believe
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that the work presented in this dissertation lays the foundation towards enabling the widespread

use of automated soft robots in real-world applications.

6.2 Future Directions

The ultimate aim of this work is to actualize soft robots that are capable of deftly assisting humans
within in complex, unpredictable environments. This dissertation make progress towards this goal,
but falls short of achieving it. This section outlines some of the remaining challenges and potential

avenues for future investigation.

6.2.1 Optimal Bilinear Control

In Chapter 3 it was shown that, for some systems, bilinear Koopman realizations are are signifi-
cantly more accurate than linear realizations and significantly less computationally complex than
nonlinear Koopman realizations. Chapter 4 illustrated how this feature could be utilized in a sub-
optimal bilinear MPC controller to achieve control accuracy exceeding that of optimal linear and
nonlinear MPC controllers. Further work should investigate theoretical guarantees for bilinear

controllers, and explore new approaches to optimal control of bilinear dynamical systems.

6.2.2 Model Adaptation Over Time

A downside of the Koopman-based modeling approach presented herein is that models are identi-
fied offline. Thus, any changes made to a robot after training are not reflected in its model. Soft
materials exhibit viscoelastic behaviors that operate on very long time scales (e.g. days, weeks).
These effects will not be captured by training data taken in a single day, and over time the dy-
namics of the system will drift away from the initially identified model. An algorithm that peri-
odically updates its Koopman operator approximation using more recent data could remedy this

problem. Since identifying the Koopman operator is a least-squares regression problem, model
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updates could be computed online in a similar fashion to the way the load estimates are computed

online in Algorithm 8. Further work might investigate optimal model update strategies.

6.2.3 Contact with the Environment

Chapter 5 extends the scope of the Koopman-based modeling and control approach to account for
loading conditions by adding them into the model as states. An implicit assumption of this strategy
is that the loading conditions continuously vary the dynamics of the systems. This assumption
breaks down in the case of contact with immovable objects in the environment such as walls. In
this case, a hybrid dynamical model [94] offers a more appropriate way of representing the discrete
transition between contact conditions. A hybrid dynamical system framework could be adopted
to model soft robots in contact with the environment. In such a framework, several Koopman
realizations would be constructed for different contact conditions, then hybrid optimal control

approaches would be utilized to perform tasks that involve contact with the environment.

6.2.4 Combining Physics-based and Data-driven models

The data-driven modeling technique presented in Chapter 3 was shown to be capable of accurately
predicting the behavior of real robots. However, a shortcoming of all data-driven models is that
their predictions can only be trusted within the range of operating conditions observed in their
training data set. Physic-based models, on the other hand, offer predictions that are independent
from observations. Such models are more broadly generalizable, but typically less accurate than
data-driven models under well observed operating conditions. A combined modeling approach
that simultaneously utilizes the accuracy of data-driven models and the generalizability of physics-
based models would have many benefits.

One such benefit would be the ability to perform sparse model learning. A robot could begin
with a physics-based model only, and use its predictions in a model-based control framework to
explore its state space and collect data. As more data is collected, a Koopman-based data-driven

model could be constructed online to supplement the physics-based model or capture its error
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dynamics. Because the Koopman model would no longer be constructed “from scratch”, less data
would be sufficient for training.

A combined physics-based and data-driven approach might also aid in the construction of hy-
brid dynamical models. Changes in the loading and contact conditions of the robot could be in-
ferred based on its deviation from the physics-based model predictions. Then, a data-driven model
could be constructed for that specific condition, and stored as one of the modes of a hybrid dynam-
ical model. This type of modeling approach would enable soft robots to learn through contact with

the environment, leveraging their softness to do so in an inherently safe way.

6.3 Concluding Remarks

In the past several years the field of soft robotics has generated a lot of excitement. New journals
[95] and conferences [96] have been created that are dedicated to the subject, and soft robots have
been been popularized in the media as the “robots of the future” [97, 98]. Indeed, it is exciting
to imagine a future in which soft robots assist with cooking and cleaning in the home, deploy
in disasters to perform search and rescue operations, aid with medical procedures, and venture
into outer space to explore new worlds. Despite the optimism surrounding the field, however, the
remaining challenges to actualizing this future are numerous and nontrivial. For soft robots to be
valued for more than their novelty, they need to prove capable of reliably performing tasks that
are actually useful. The tools developed in this dissertation lay the groundwork for making that

happen, and will hopefully help lead to the development of highly capable soft robots in the future.
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