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Summary

In recent years, there has been a notable growth in the utilization of Additive Manufacturing
(AM), commonly referred to as 3D printing, as a means to produce a diverse range of sensors.
This technological advancement has paved the way for the complete fabrication of sensors
through the pure use of AM processes or the integration of sensors within printed structures.
As a consequence of these innovations, a great number of applications have begun to material-
ize, primarily within the realms of soft robotics and biomedical engineering. However, despite
the promising prospects associated with embedded 3D printed sensing, a critical challenge
that remains relatively unaddressed is the precise integration of these sensors in applications
primarily focused on control.

This assignment builds upon the foundational research conducted by the Nature Inspired Fab-
rication and Transduction program (NIFTy) within the Robotics and Mechatronics (RaM) Re-
search group. The emphasis is placed specifically on the subject of control based on the re-
sponse of 3D printed sensors. The primary objective of this study is to explore interaction
control techniques that enhance the real-world usage of 3D printed torque sensors in control-
focused applications. The thesis discusses various interaction control strategies and proceeds
to simulate their implementation. Finally, a tangible demonstration setup is constructed to ap-
ply the most fitting control strategy in a real-world scenario using the developed torque sensor
to explore the potential of interaction control with 3D printed sensors.

In the preliminary phase, modifications were made to the initial sensor design to address the
stability concerns in the electrical connection between the sensor and wires. Afterwards, the
revised sensor was produced using Fused Filament Fabrication (FFF) technology. This involved
the use of two materials: Polylactic Acid (PLA) for the sensor’s body and a carbon-doped con-
ductive PLA (ProtoPasta) to form the strain gauges. Subsequently, to gain insights into the char-
acteristics and behavior of the sensor, the sensor was subjected to a sequence of load-unload
cycles using a linear actuator within a controlled experimental setup. These cycles induced
stress and compression on the sensor’s traces, providing a comprehensive understanding of
how it responds to varying mechanical conditions during these cycles. Following the data col-
lection, the results were processed including a differential measurement to analyze the sensor’s
response. This process allowed us to reveal and understand how the sensor behaves under
varying conditions, shedding light on its characteristics like non-linearity, hysteresis, drift and
repeatability.

After careful consideration of the unique attributes of the proposed 1 degree of freedom (DOF)
pendulum system, torque-based impedance control was chosen for implementation in the
demonstration setup. The experimentation involved exploring both dynamic and static in-
teraction controls within this setup. The results and insights derived from these experiments
are detailed in the final phase of this thesis, providing a comprehensive understanding of how
the chosen interaction control method performs with the use of 3D printed torque sensor.
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1 Introduction

1.1 Context

Additive Manufacturing technology has been around since the 1970s, but it’s recently gaining
popularity, thanks to recent innovations. This has led to the development of advanced manu-
facturing processes and the introduction of techniques like multi material (MM) Additive Man-
ufacturing, allowing for the utilization of conductive filament-based 3D printed sensors. By
blending conductive and dielectric materials within a multi-material 3D printed structure, it
becomes possible to measure diverse parameters such as force, pressure, and deformation un-
der various loads. This approach enables a comprehensive understanding of the structure’s
response to different conditions. Specifically, employing a 3D printed strain gauge proves valu-
able in this context, as it enables strain measurement. This, in turn, allows for the continu-
ous monitoring of the system under both static and dynamic conditions. This evolution of 3D
printing opens up new possibilities for customization and optimization in sensing elements.

3D printed sensors, despite their promise, often exhibit nonlinear characteristics such as creep,
drift, and hysteresis. In this study, we delve deeper into these properties to validate the sensor’s
performance, with a focus on its applicability in interaction control oriented applications. As
a result, our literature review primarily centers on interaction control strategies, examining
impedance control due to its relevance to the proposed system. Finally, a demonstration setup
will be constructed to investigate the application of interaction control strategies using a 3D
printed torque sensor in control-focused scenarios.

1.2 Problem Description

This thesis extends the work initiated by R. Heeg in the development of a 3D printed torque
sensor using FFF technology [1]. Previous research into the development of this 3D printed
single degree of freedom torque sensor based on the piezo-resistive principle showed a closely
linear response, within a certain range, particularly when the sensor experienced low torque
inputs with a low frequency. However, earlier sensor iterations demonstrated challenging to
interpret behaviour, due to their response nonlinearities that are mainly attributed to the in-
herent viscoelastic properties of the employed materials.

To explore the application of 3D printed torque sensors in real-world interaction control scen-
arios, a challenge, that needs to be addressed in this research is the impact of nonlinearities
observed in the sensor response on control. These nonlinearities pose obstacles to achiev-
ing precise and reliable torque measurements, crucial for effective interaction control systems.
Furthermore, there is a necessity to improve the mechanical design to address shortcomings
identified in earlier iterations. The main focus is on making the sensor’s response more reli-
able. This involves tweaking the mechanical design to create a strong link between the torque
sensor and its wiring. By doing so, the goal is to get more accurate and stable torque measure-
ments essential for effective interaction control.

1.3 Goals and Objectives

The primary goal of this research is to explore the potential of 3D printed sensors for interaction
control, while simultaneously addressing the challenge of its inherent nonlinear behavior in
achieving reliable and precise torque measurements for successful integration into real-world
systems. By exploring the possibilities of using 3D printed torque sensors in real-world inter-
action control scenarios, this research seeks to contribute to the advancement of 3D printed
sensor technology.
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2 Interaction Control with a 3D Printed Torque Sensor in an Impedance Control Framework

The project will unfold in two distinct phases. During the initial phase, our primary object-
ives revolve around refining the mechanical design, fabricating the new sensor iteration, and
delving into the characterization of its response across multiple scenarios for understand-
ing the sensor’s behavior and identifying any nonlinearities. This phase aims to address the
sensor’s performance and to lay the groundwork for the subsequent exploration of advanced
control strategies and their practical implementation.

The second phase will pivot towards exploring interaction control strategies, with a specific
focus on Impedance Control. This phase aims to devise and implement strategies that aug-
ment the practical use of the torque sensor in control-oriented applications. To achieve these
objectives, following a simulation, a demonstration setup will be established, providing a tan-
gible illustration of the sensor’s capabilities in real-world scenarios.

The following main research question will be addressed in this thesis.

* How can an interaction control strategy be developed for achieving stable, safe opera-
tion with a 3D printed torque sensor?

To answer this research question, it can be broken down into sub-objectives as follows:

1. Literature Review:

* What are the existing interaction control strategies applicable to robotic systems in
achieving stable and safe operation?

2. Method Exploration:

* Are there specific methods that have been successfully applied with 3D printed
torque sensors?

e What is the most suitable interaction control method to use with a 3D printed
torque sensor?

3. Simulation:

* What performance metrics should be considered during simulations to evaluate
stability and safety?

4. Demonstration Setup:

* How can the chosen interaction control method be practically implemented in a
real setup using a 3D printed torque sensor?

1.4 Approach

The project starts with a detailed exploration of the literature on interaction control strategies
in robotics, commonly referred to as compliance control. The spotlight is particularly directed
towards the second phase, where greater emphasis is placed upon interaction control involving
3D printed sensors.

The initial phase targets the improvement of sensor response, emphasizing modifications to
the design to ensure robust electrical connections. The fabrication process involves 3D printing
the newly developed torque sensor using PLA and conductive PLA (cPLA). Subsequently, the
sensor undergoes a characterization process, focusing on addressing its nonlinear behavior
through a measurement setup.

The second phase extends from the insights garnered during the literature review on inter-
action control strategies. This involves a systematic exploration, simulation, and analysis of
selected interaction control strategies before transitioning to the design of a demonstration
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CHAPTER 1. INTRODUCTION 3

setup. The ultimate objective is to apply the torque sensor in a practical context, specifically
in controlling a system considering human interaction. The overarching goal is to craft a con-
trol architecture adept at managing system position considering interactions through feedback
from these imperfect sensors while mitigating nonlinear behaviors.

Concluding the thesis, the findings are synthesized to draw insights into the feasibility and ef-
ficacy of employing 3D printed sensors in real-world control applications. This exploration
aims to contribute insights into the evolving landscape of 3D printed sensor integration in
control-focused applications in practical scenarios.

1.5 Report Structure

The project unfolds systematically with each chapter commencing with an introduction and
concluding with a synthesis of findings. Chapter 1 serves as the project’s initiation, outlining
its objectives. In Chapter 2, an extensive survey of existing literature is conducted to identify
suitable interaction control methods. Within this chapter, the most suitable interaction control
method is identified based on the proposed demonstration setup. Although the application of
interaction control strategies with the torque sensor in control-focused scenarios is a future
work of this project, the method’s selection is established here. Chapter 3 delves into the base
design of the torque sensor, detailing improvements made to address previous limitations. It
also introduces the application that will illustrate the feasibility of interaction control with the
torque sensor in real-world scenarios. This will be succeeded by an overview of the fabric-
ation process. Moving on to Chapter 4, a thorough description of the experiments and the
subsequent processing of gathered data for sensor characterization is provided. This includes
an overview of the measurement setup and an analysis of the resulting data. Chapter 5, the
core of the thesis navigates through the system dynamics, control system implementation, and
design choices for the selected interaction control method. Simulations of the control system
are also discussed. Chapter 6 is dedicated to the application for realizing interaction control,
offering insights into the sensor-integrated system setup and presenting results for conclusive
observations. Lastly, Chapter 7 sums up the project’s entirety, drawing conclusions from results
and suggestions for future work are discussed upon.
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4 Interaction Control with a 3D Printed Torque Sensor in an Impedance Control Framework

2 Literature Review

2.1 Introduction to 3D Printing

In recent years, AM technologies have contributed to notable advancements in sensor design
and production [2]. Notably, sensors produced through 3D printing techniques are gain-
ing prominence, expanding their applications across various domains. The distinct advant-
ages of 3D printed sensors, in contrast to conventional fabrication methods, are their cost-
effectiveness, fast prototyping possibilities, and the ability to create complex geometries with
customized functionalities [3,4]. The precise control over the design parameters of 3D prin-
ted sensors enables the creation of tailored sensing elements optimized for specific applic-
ations [5]. This allows for the creation of various shapes and functions within a single part,
which is not possible with traditional manufacturing. This flexibility also supports the design
of compact systems, reducing the size of electronic components and devices. The ability to
incorporate fine features, circuitry, and embedded elements contributes to more efficient use
of space, resulting in smaller products that require minimal space [5]. This capability not only
makes things more efficient and cost-effective but also paves the way for creating and fine-
tuning advanced sensing components, bringing a whole new era to sensor technology.

Although 3D printed sensors offer several advantages, challenges exist, including longer manu-
facturing times and higher economic costs compared to traditional mass production methods.
Recent developments in high-speed 3D printing and multi-nozzle systems show promise in
addressing these challenges and improving productivity and cost-effectiveness. Additionally,
there is a need for 3D printable materials with high performance and compatibility with other
structural materials for sensor fabrication, a challenge that advanced materials and techniques
like multi-material printing aim to overcome [6].

Schouten et al [7] have conducted a comprehensive review on the 3D printing of sensors, cov-
ering various printing technologies, materials, and sensing methods. Additionally, their work
presents a list of techniques aimed at addressing challenges related to switching between dif-
ferent materials. The review also highlights efforts in overcoming issues associated with 3D
printed sensors, including characterizing the anisotropic conduction of printed conductors,
establishing connections to readout electronics, reducing sensor drift, and modeling to sub-
sequently compensate for nonlinear behavior. The findings demonstrate the widespread ap-
plication of 3D printing. The study also revealed that among 3D printed sensors, piezoresistive
sensors offer a simple and cost-effective means of integration, while capacitive sensors provide
a path to creating more linear sensors, with added complexity [7].

As for the literature review for this research, there doesn’t seem to be evidence of interaction
control strategies specifically using 3D printed sensors. While this is within the scope of the
current literature search, it’s worth noting that existing systems employing traditional force or
torque sensors often follow similar control strategies. Hence, in this review, the emphasis has
been on exploring interaction control strategies associated with these conventional sensors.

In the context of this thesis, which centres around interaction control (more details on inter-
action control later), it is crucial to understand the motion of manipulators. Manipulators are
one of the most used mechanical devices in various industries, including machinery manufac-
turing, aerospace, and medicine, where their pivotal role lies in the automation of production
processes, contributing significantly to efficiency and precision. The motion of manipulators
can be broadly classified into two categories: unconstrained and constrained motion [8]. Most
typical and common industrial tasks like painting, welding, and palletizing strictly control both
the surroundings and the tasks performed by robots. In such scenarios, manipulators operate
without direct contact with the external environment, commonly known as unconstrained or
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CHAPTER 2. LITERATURE REVIEW 5

free motion (Figure 2.1). The predominant focus in these situations revolves around position
control, given that contact with the environment is unnecessary [8]. Notably, current research
in this realm is well-established.

Figure 2.1: A freely moving robot [9].

On the other hand, as technology keeps advancing and robots become more prevalent in vari-
ous aspects of our lives, it's becoming increasingly important for robots to interact seamlessly
with humans and their surroundings. In this scenario, the environment continuously exerts dy-
namic or kinematic constraints on the manipulator’s motion. For complex motion-constrained
tasks or unstructured environments where environment knowledge is uncertain, it’s crucial
for the robot to be able to sense and respond to the forces at play [10, 11]. The conventional
paradigm of robotics, which relies on pre-programmed sequences and fixed trajectories, shows
limitations when confronted with situations requiring real-time adaptability and responsive-
ness to uncertain and unpredictable conditions.

Interaction control, addresses the dynamic and complex nature of human-robot and robot-
environment interactions [10, 12]. It involves designing and implementing control strategies
that allow a robot or autonomous system to dynamically adapt to interact with its surround-
ings, making decisions based on real-time feedback and sensory information. It encompasses
a diverse range of techniques and methodologies aimed at enabling robots to perform tasks
collaboratively, safely, and efficiently near humans or within changing environments. Interac-
tion control, generally known as compliance control, addresses these challenges by providing
robots with the capability to sense and interpret their environment, respond to external stim-
uli, and interact in a more natural and human-like manner even when those surroundings are
unknown. More specifically, compliance control focuses on ensuring that a robot adjusts to in-
teraction forces smoothly, prioritizing adaptability over resistance to the constraints presented
by its environmental contact. Currently in industry, the use of force sensors or torque sensors
mounted on robot manipulators to control interactions between the robot and the environ-
ment is increasing. An overview of force control of manipulators can be found in [13, 14]. Whit-
ney in [14] refers to explicit control with techniques that prioritize a desired force input over
position or velocity inputs. De Schutter et al, [13] have contributed significantly to research
efforts focusing on the practical design of interaction control.

One prominent area of application for force/torque sensors with interaction control is in the
field of robotics and automation [15]. This integration empowers robots to not only detect
but also respond to changes in their surroundings, thereby improving operational safety and
efficiency. Another promising area of interest is the development of smart wearables and bio-
medical devices, where through seamless integration of force sensors, wearables can monitor
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6 Interaction Control with a 3D Printed Torque Sensor in an Impedance Control Framework

a spectrum of physiological parameters. Combining these wearables with interaction control,
devices dynamically respond to user needs, optimizing both user experience and health out-
comes [16].

In summary, the combination of 3D printing technology and interaction control capabilities
unlocks exciting possibilities for the design and application of sensors across various indus-
tries. As researchers and engineers continue to explore the potential of 3D printed sensors, we
can expect further advancements in smart systems, robotics, and wearables, leading to a more
interconnected and intelligent world.

2.2 Interaction Control

Numerous control methods and systems have been proposed and developed in order to ad-
dress the issues associated with regulating compliant motion. This chapter delves into the
latest advancements in compliant motion control, tracing the evolution from early theories to
current state-of-the-art approaches. While an exhaustive analysis of all compliant motion con-
trol methods in the extensive literature would be time-consuming, this chapter focuses on key
research and representative approaches. By doing so, it aims to provide a concise exploration
of the field’s most important developments, acknowledging the substantial growth in recent
research endeavors.

Control techniques based on the nature of compliance can be categorized into two distinct
groups: passive compliance control and active compliance control [17]. In passive compli-
ance control, mechanical devices are employed to limit interaction forces by either storing or
absorbing energy, with examples including springs and damping mechanisms within flexible
structures. While this strategy controls the force transmission, a notable drawback is the ro-
bot’s limited responsiveness to external forces. Moreover, achieving precise position control
becomes challenging due to the inherent deformations of elastic components [18]. This can
be resolved by active compliance control, which integrates force feedback into the control sys-
tem, employing sophisticated control algorithms to compensate for both positional and force
discrepancies. This approach allows the manipulator not only to actively respond to external
forces but also to maintain accurate position control effectively [19].

Both passive and active compliance approaches share the goal of controlling interaction forces
arising from contact with the environment. In contrast to the simpler designs of passive meth-
ods, active approaches have greater complexity but exhibit versatility across a broader spec-
trum of applications, adapting swiftly to diverse conditions. While active compliance control
methods have garnered recognition in research settings, their integration into industry prac-
tices remains limited [18]. Industries tend to address the same interaction challenges by con-
figuring work environments or incorporating mechanical components to achieve passive com-
pliance [17]. The rationale behind this preference is the more robust control offered by passive
techniques. However, this reliability comes at the cost of adaptability, as passive solutions may
not easily accommodate changes in the environment [18]. This trade-off is illustrated in Table
2.1, which provides a comparative overview of passive and active compliance.

Passive Compliance Active Compliance
Hardware based Software based
Application specific General use
Difficult computation/regulation | Easy computation/regulation
Static compliance Dynamic Compliance
Complex mechanical structure | Simple mechanical structure

Table 2.1: Active Compliance vs Passive Compliance.
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CHAPTER 2. LITERATURE REVIEW 7

This work will focus on active compliance control methods as we set up a pendulum-based ex-
perimental setup for position regulation using 3D printed sensor feedback. Figure 2.2 provides
a comprehensive visual guide to traditional compliance control techniques for clarification.

Interaction/

Complience Control

Indirect Force Control
(Impedance Control)

Direct Force
Control
Position based Torque based Hybrid Force/ Parallel Force/
Impedance Control [l Inpedance Control Motion Control MotionControl

Figure 2.2: General classification of Interaction/Compliance control methods [19].

Adaptable

Remote Center Compliant
Compliance (RCC) Actuators

2.2.1 Passive Compliance Control

In passive interaction control, the trajectory of the robot’s end-effector is modified as a result of
the interaction forces, due to the inherent compliance of the robot. This compliance can arise
from various sources, such as the structural flexibility of the links, joints, and end-effector or
inherent compliance in the position servo [18].

The use of compliant actuators proves advantageous in achieving low mechanical output im-
pedance, offering two primary benefits compared to their non-compliant counterparts. The
first being that the impedance at frequencies beyond the control bandwidth are dictated by
the inherent compliance of the actuator itself [17]. For non-compliant actuators impedance
outside of the control bandwidth is influenced by the reflected motor inertia, when gears are
involved, the reflected inertia is the product of motor inertia and the square of the gear ratio
which is particularly significant in industrial robots [17]. Their second benefit is their force-
tracking bandwidth and ability to handle perturbations through their physically compliant ele-
ments. It’s crucial to acknowledge however, that despite these advantages, compliant actuators
do compromise on the precision of positioning compared to their stiffer counterparts [17]. Cur-
rently series elastic actuators and pneumatic actuators stand out as the most common compli-
ant actuators in use [19].

When designing robots that adeptly respond to and safely accommodate interaction forces,
compliant actuators like series elastic actuators and pneumatic actuators have proven effect-
ive [20]. However, this solution has limitations, particularly in industrial settings where robots
predominantly use electrical motors without any mechanical compliance. Industrial robots in
such environments are intentionally engineered to be rigid for enhanced positioning accuracy,
as stiffness directly correlates with precision. In scenarios where the inherent compliance of ac-
tuators is not feasible, an alternative approach involves employing an external device attached
to the robot’s end-effector, such as a Remote Center Compliance (RCC) [21]. This mechanical
device addresses inaccuracies in the pre-programmed trajectories’ position and orientation.
Its unique mechanical design allows it to self-adjust during interaction tasks, making it a cost-
effective and straightforward solution for tasks like industrial peg-in-a-hole operations without
additional sensors or complex control systems. This solution does however have the draw-
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8 Interaction Control with a 3D Printed Torque Sensor in an Impedance Control Framework

back of requiring specific design considerations for each task and a constrained effectiveness
to managing minor deviations around the desired trajectories.

=)

Figure 2.3: Remote Center Compliance in operation [22].

2.2.2 Active Compliance Control

When using active control methods, the generation of precise motion commands for the robot’s
controller is achieved by assessing the robot’s desired behavior. This involves measuring both
contact forces, torques and motion, and incorporating this information into real-time feedback
for the robot. While active control techniques allow for more flexible design of the controller,
this is a trade-off with slower reaction time [18]. The performance of these methods is also in-
fluenced by the operating frequency of the controller. Despite their capabilities, these methods
also may not always guarantee safe touch interactions, as they heavily rely on sensory feedback
signals, which typically become available only after the robot has made contact.

In the past few decades, a surge in research on active methods for precise force control has
been observed, with a wealth of available publications. A preliminary summary of the state
of the art from the 1980s is provided by [14], while [13] delves into the status of developments
throughout the 1990s. Examining the contemporary state of essential sub-components for act-
ive compliant systems, recent research is explored in [23]. Furthermore, for a comprehensive
understanding of robot force control, the latest edition of the "Handbook of Robotics" includes
a dedicated chapter [18].

The essence of active compliance control is to combine motion and force errors, using con-
trollers to optimize inputs for the robot’s joint actuators. The control schemes in this field can
be broadly classified into two categories: direct and indirect force control. These categories
distinguish themselves by the method in which force errors and position errors are integrated.

Direct force control involves a strategy where the manipulator is explicitly commanded to ap-
ply a specific force or force profile at the end-effector, closing a force feedback loop. This ap-
proach aims purely to control the interaction forces between the manipulator and the envir-
onment, making it particularly valuable for tasks requiring precise force application and inter-
action with delicate or sensitive surfaces. Conversely, indirect force control, commonly known
as impedance control [19], operates by establishing a connection between the deviation of the
end-effector motion from the intended trajectory and the contact force generated during in-
teraction with the environment. This is achieved through a mechanical impedance framework
characterized by adjustable parameters [18]. In simpler terms, when the robot’s movement
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CHAPTER 2. LITERATURE REVIEW 9

doesn’t align perfectly with the intended path due to external factors like contact with surfaces,
the impedance control system comes into play. It dynamically adjusts the mechanical proper-
ties to modulate the contact force, allowing for a more flexible and adaptive interaction with
the environment. Indirect force control finds its niche in scenarios demanding compliant be-
havior, such as tasks involving human-robot contact, force-based guiding, or secure physical
collaboration between humans and robots.

When evaluating interaction control approaches, their performance can be classified into two
main categories: static and dynamic. Dynamic model-based control approaches, such as Im-
pedance and Admittance control systems, focus on the system’s transient or dynamic response.
However, these approaches pose a challenge as they demand a comprehensive dynamic model
of the robot, making their design and implementation more complex [17]. Additionally, obtain-
ing force measurements is essential for constructing a linear interaction model. Static model-
based control techniques aim to ensure optimal system performance in a steady state [24].
These methods only require knowledge of the manipulator kinematics and gravity generated
torques. An in-depth exploration of various dynamic and static model-based interaction con-
trol techniques, along with experimental evaluations can be found in [24]. It is shown that
in this evaluation, the effectiveness of approaches using dynamic model-based compensation
generally outperformed those relying on static model-based compensation.

2.3 Indirect Force Control

Indirect force control schemes, fundamentally operate without the need for measuring contact
forces and moments, consequentially the resultant impedance or admittance generally exhib-
its nonlinearity and coupling [18]. However by incorporating a force-tracking loop alongside
the impedance target, the interaction force-tracking issues can be improved [25]. The pres-
ence of a force/torque sensor opens the possibility of integrating force measurements into the
control scheme, enabling the attainment of a linear and decoupled behavior [18].

Although impedance control schemes are commonly labeled as indirect force methods, imped-
ance control and admittance control share the common goal of actively modifying the robot’s
mechanical impedance from opposite perspectives [17]. In simpler terms, admittance control
assesses force and generates motion, while impedance control evaluates motion and gener-
ates force. The fundamental concept behind indirect force control is to establish a dynamic
relationship between the interaction force or torque and the position or velocity trajectory of
the robot’ end-effector.

The precision of the compliance method is dependent on various factors, given the diverse
approaches to the control problem. Impedance control’s accuracy relies on the precision of
position sensors and the bandwidth and precision of force-controlled actuators. Admittance
control’s effectiveness relies on the force sensors used and the bandwidth and precision of
position-controlled actuators. Noting these nuances is crucial, as they directly impact the over-
all performance and adaptability of the robotic system in achieving the desired mechanical
impedance modifications [17].

2.4 Impedance Control

Impedance control establishes a mathematical relationship between interaction forces and
reference trajectories, playing a vital role in regulating and stabilizing robot motion [25]. It’s
primary objective is to manage the forces arising from the coupling between the robot and its
dynamic environment by manipulating the mechanical impedance of the robot. Mechanical
impedance is defined as the ratio of output force to input velocity or motion whereas mechan-
ical admittance, the inverse of mechanical impedance for linear systems, represents the ratio
of input velocity or motion to output force. According to this concept, the robot behaves as
an impedance, while the contact environment acts as an admittance. Consider the adaptabil-
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ity humans have when encountering unfamiliar environments; they can adjust their muscular
impedance (stiffness) accordingly. Similarly, robots should exhibit flexibility, being soft in rigid
surroundings and vice versa. Rigid robots, lacking this adaptability, may encounter challenges
in unstructured environments even if they are optimized for precise free motion. Adjusting the
stiffness of robots becomes crucial in such scenarios [25], therefore Hogan [10] proposed active
impedance regulation based on the bio-mechanics of human motion in both free and confined
spaces.

In theory, the control input defining the target impedance relation can take various functional
forms. However, it is often implemented as a linear second-order differential equation describ-
ing a simple six-dimensional decoupled mass-spring-damper mechanical system. This choice
is rooted in the well-known and understood dynamics of second-order systems, impedance
control being a technique wherein the robot emulates the behavior of a mass-spring-dashpot
system with customizable parameters. Since position control forms the foundation of imped-
ance control, closing the feedback loop requires both position commands and position meas-
urements which are made possible through feedback control and sensors [19].

To illustrate the concept of impedance control, we will investigate a straightforward second-
order system (Figure 2.4):

,\/V\l | f e

AN
3

Mechanical system  ~ .

environment

Figure 2.4: The dynamics of the system when in contact with the external environment [25].

mi+bx+kx=u+fe 2.1

In this representation, x corresponds to the position of the system mass m, b is the damping
coefficient, k denotes the system stiffness, u represents the input control, the variable x; rep-
resents the reference equilibrium trajectory, and f; accounts for the external force influencing
the system whether it be the interaction contact force or any other external force.

The implementation of impedance control will strive to establish a dynamic correlation
between the interaction force and position error. This is achieved by adopting a virtual mass-
spring-damper model aligned with the desired trajectory. Consequently, the target impedance
function can be represented as Equation 2.2:

mq (X — Xp) + bq (% — xp) + kq(x — x;) :fe (2.2)
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In the mass spring damper system, mgq, bq, kq are positive definite matrices governing the de-
sired target impedance, where kg is the stiffness matrix, bq is the damping matrix, and mg is the
inertia matrix (d stands for desired). Adapting the structure of the target impedance dynamics
or modifying the behavior of the target impedance coefficients leads to different impedance
control strategies. With reference to Figure 2.5, substituting this Equation 2.2 into the closed-
loop control system, Equation 2.1 yields the following:

(b—m-my'bg)x+ (k—m-my'ka)x—(1—m-mg") fa+ m-mg' (bakq +kaxy) + mé=u (2.3)

; 2

— Force-based u
—» Plant dynamics
—® impedance control Y

Figure 2.5: General diagram illustrating force/torque-based impedance control. (It is noteworthy that
in force/torque-based impedance control, the inclusion of an inner feedback loop is optional and in this
example explanation we haven't used an inner force/torque loop) [25].

The feedback controller outlined in Equation 2.3 necessitates the availability of measurements
for both the interaction force and the state variables of the end-effector. This requirement can
be fulfilled through the implementation of feedback control, which entails the use of both pos-
ition sensors and force sensors, which relate to our study of using 3D printed sensors for inter-
action control.

Choosing the target impedance matrices is crucial for achieving varied objectives in a given
manipulation task [26]. In scenarios where the environment demands compliance and pre-
cise positioning is crucial, opting for high stiffness is a logical choice. Conversely, in directions
where maintaining minimal contact forces is a priority, opting for lower stiffness proves more
effective. When the task involves energy dissipation, the incorporation of high damping values
by is required. The mass matrix m,; can be strategically used to induce damped transient be-
havior, for a controlled system response during contacts [19]. This adaptive approach allows
for a strategic adjustment of impedance parameters, addressing the specific requirements of
different directions within the manipulation task.

The choice of a control strategy in interaction control is intricately tied to the specific applica-
tion scenario and its inherent limitations. Unlike a one-size-fits-all solution, there is no univer-
sal "off-the-shelf" control strategy. Numerous control systems have been proposed to regulate
the relationship between robot motion and interaction forces. In one of the earliest methods
introduced by Whitney in 1977 [27], also known as damping or accommodation control, force
feedback is closed around the velocity control loop (see Figure 2.6). A constant damping coef-
ficient Kr transforms the contact force into a command for modifying velocity. In a simplified
illustration of discrete-time force control, Whitney established the criteria for ensuring system
stability during contact [19].

0<T Ki-Ke<1 2.4)
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Figure 2.6: Damping control [19].

where T represents the sampling period, Kt is the force control gain acting as a damping coef-
ficient, and K. denotes the stiffness of the environment. This condition suggests that when
K is high, the product T Kt should be kept small. To prevent excessive contact forces, achiev-
ing a very high sampling rate (small T) becomes necessary. Alternatively, when dealing with
the contact of a highly rigid object, Whitney suggested incorporating passive compliance. This
addition aims to reduce the effective environmental stiffness Ko,

The majority of impedance control research focuses on electrical manipulators, where the ac-
tuator torque is proportional to the input current [28]. For these scenarios, simple force control
of the manipulator is possible and internal force loop implementation is simple. Most stud-
ies [29], [30], [31] however focused on the position-based application of impedance control.
Position-based implementation can prevent the need to redesign the controller because most
industrial manipulators already apply a position-based servo controller.

The need for velocity and acceleration feedback into the outer loop significantly increases the
complexity of force-based implementation [26]. While it’s possible to numerically differentiate
the position and velocity signals from the joints’ position sensors to obtain these values, this
process comes with a drawback. The amplification of quantization noise during differentiation
makes the resulting signal challenging to use for control. Alternatives exist however, such as the
use of the reference acceleration signal derived from the chosen impedance model to drive the
necessary joint forces and the use of a State Variable Filter as a method to obtain the remaining
states via integration instead [32].

Salisbury recommends adjusting the end-effector position in response to the contact force, as
illustrated in Figure 2.7 [33]. This concept is rooted in the definition of generalized stiffness, ex-
pressed as F = K6 x, where dx represents a generalized displacement from the intended nom-
inal end-effector position, and K is a stiffness matrix in six dimensions. In this approach, the
transpose of the Jacobian matrix J7 is used to calculate a nominal force by assessing the dis-
crepancy between the desired and actual end positions. This nominal force is then converted
into joint torque. Subsequently, the torque error at each joint is determined using this force,
and the applied torque is adjusted to ensure the preservation of the desired force at the robot
hand [19]. The specific requirements for the elements of the stiffness matrix and their design
tailored for particular tasks are discussed in detail in [14].

Although implementing both strategies in a real system is relatively straightforward, achiev-
ing high dynamical performance poses a significant challenge resulting from the highly com-
plex dynamics of a typical robot manipulator. The approaches discussed use a simple linear
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Figure 2.7: Stiffness control [19].

time invariant (LTI) mass-spring-damper target system as a virtual model for the manipulator.
While this simplification eases the implementation process, it falls short in accounting for the
complex dynamics of the manipulator. One reason is real-world robot manipulators often ex-
hibit nonlinear dynamics, especially in the presence of friction, joint backlash, and other non-
idealities. Linear models can fail to capture these complexities.

To eliminate the impacts of nonlinearities on the effectiveness of the impedance control law,
these approaches require a control law that will compensate for the appropriate system nonlin-
earities [19]. A method known as computed torque control has been introduced as a solution
to address the inherent nonlinearities within manipulator structures [34]. This approach is a
nonlinear control law, which leads to dynamics that are both linearized and decoupled [35].
The efficacy of this method relies significantly on the precision of the manipulator’s dynamic
model [28]. In 1985, Hogan [10] proposed the widely adopted impedance control idea, groun-
ded in the bio-mechanics of human motion in both free and constrained spaces. Hogan’s
contribution involves defining a unified theoretical framework for comprehending the mech-
anical interactions between the robot and its environment. The core concept is to establish
a dynamic relationship between the end-effector’s reference trajectory and the contact force
and torque along each axis. Hogan’s impedance control introduces two distinct approaches:
namely torque or force-based impedance control and position-based impedance control.

2.4.1 Force/Torque based Impedance Control (Impedance Control)

T

i
i
des |
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< l‘I‘lPdeIKC 1, J(q)" ; que m Robot |
»  Control Control i
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Compliant Inner Control Loop
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Figure 2.8: Torque/Force-based impedance control scheme [36].
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To achieve a linear target impedance behavior, many impedance control algorithms rely on the
computed torque approach, aiming to eliminate nonlinearity in robot dynamics. The Force-
based impedance control, often simply called “impedance control” in literature, typically has
the controller respond to deviations in motion [18]. This method employs two control loops:
an optional inner force loop and an outer position loop, also known as the target impedance
filter [25]. The controller has the ability to adjust the stiffness of a soft force source. Figure 2.8
provides a general overview of the force/torque-based impedance control approach.

It is however worth noting that this widely used technique involves the computation of a com-
plete dynamic model for the robot’s constrained motion, making its implementation quite
complex. An important drawback of this method is its sensitivity to uncertainties and vari-
ations in model parameters. In industrial robotics, the efforts put into implementing this ap-
proach may not proportionally translate into performance improvements that can be achieved
[19]. Hogan has also proposed various methods, with and without force feedback, to regulate
the end-point impedance of a general nonlinear manipulator [37].

2.4.2 Position-based Impedance Control (Admittance Control)

L os .
— Admittance [T, .4 | Inverse

Control " | Kinematics

Position |7, i
OSION | Tm ! Robot ‘
Control |

q

Figure 2.9: Position-based impedance control scheme [36].

By closing a force-sensing loop around the position controller, a straightforward position-mode
impedance control can be implemented in commercial robotic systems. This approach, known
as position-based impedance control, stands out for its reliability and practicality in indus-
trial robot control systems, as it doesn'’t require altering the traditional positional controller. In
position-based impedance control, the controller, under the influence of contact pressures, in-
troduces a deviation from the intended motion to soften a rigid position source [18,37]. Figure
2.9 provides a general overview of position-based impedance control, featuring two essential
control loops: an inner loop for managing compliant position references and an outer loop
to establish the desired target impedance dynamics, delivering the instructed compliant refer-
ences [25]. It’'s noteworthy that a similar strategy can be applied to velocity-based impedance
control by replacing the velocity reference with the desired and commanded position refer-
ences.

Due to inherent limitations in the precision of position control systems and sensor resolutions,
the position-based impedance strategy faces challenges in providing extremely soft imped-
ance [19]. This approach is most effective in scenarios where maintaining stiff and reliable
joint control is crucial for achieving high positional accuracy along specific Cartesian direc-
tions. It may not be the best choice when the goal is to achieve low impedance, character-
ized by reduced stiffness and damping while minimizing contact forces [19]. For applications
demanding slow motion and encountering low gravitational forces, the force/torque-based
technique proves more suitable, given a comprehensive understanding of dynamic models is
necessary [19]. Unlike position-based impedance control, force-based control is specifically

Pasan Ottachchige University of Twente



CHAPTER 2. LITERATURE REVIEW

15

designed for robotic systems where there is a strong correlation between joint torques and
end-effector forces, as seen in direct drive manipulators [19]. This distinction highlights the
adaptability of these control strategies based on the specific requirements of different robotic

applications.

Summarizing and selecting the most suitable interaction control method for showcasing the
potential of 3D printed torque sensors in control-focused applications, a comparative analysis
was conducted between torque-based impedance control and position-based impedance con-
trol. The goal is to determine the best-suited method that enhances the real-world use of the

chosen application setup.

Torque-based Impedance Control

Position-based Impedance Control

Ideal for tasks where the robot needs to in-
teract with the environment or humans with
a focus on force sensing and compliance
[18].

Suited for applications where achieving and
maintaining accurate positioning is crucial
[18].

Controls interaction forces and adapts com-
pliance.

Controls and maintains accurate positions
or trajectories.

More adaptable to uncertain or dynamic en-
vironments.

More stable and predictable for tasks with
defined trajectories.

Better suited for achieving low impedance
(small stiffness and damping) characterist-
ics [19].

Faces challenges in achieving very soft im-
pedance due to limitations in the accuracy
of the position control system and sensor
resolution [19].

This technique entails the computation of a
comprehensive dynamic model for the ro-
bot’s constrained motion, rendering its im-
plementation rather intricate and complex
[18].

Proves to be highly reliable and well-suited
for implementation in industrial robot con-
trol systems, notably due to its seamless in-
tegration without the need for any modific-
ation of conventional positional controllers
(18].

From a computational perspective, particu-
larly suitable for applications where the in-
fluence of manipulator gravity is minimal,
and the need for slow motion is prevalent
(19].

Primarily designed for application in robotic
systems where there is a relatively good
causality between joint torques and end-
effector forces, as observed in direct-drive
manipulators [19].

Many impedance control algorithms use
this approach to eliminate nonlinearity in
robot dynamics [28].

Table 2.2: Torque-based impedance control vs Position-based impedance control.
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2.5 Robot Dynamics

Robot dynamics form the backbone of precise and effective robotic control, offering insights
into how these mechanical systems respond to external forces. As we need to explore the dy-
namics of our robotic system in this thesis, it’s crucial to establish a connection between the
theoretical principles of robot dynamics and our chosen 1 DOF pendulum system which can
also be considered as a simple 1 DOF manipulator. The term “robot” is currently used to refer
to autonomous machines. These machines can be broadly categorized as follows:

¢ Mobile Robots

— Ground Robots
— Aerial Robots
— Aquatic Robots

* Robot Manipulators (Fixed Base Robots)

It is noteworthy that this classification is a general overview, and the robot manipulators can be
also integrated into mobile platforms. Examples of this integration can be observed in various
rovers and even drones. Mobile robots and manipulators are both integral components of the
modern robotics landscape. However, this chapter of this thesis is exclusively dedicated to
robot manipulators and their control.

The term “industrial robot manipulator” has seen various interpretations, leading to dif-
ferences among authors. The International Federation of Robotics, following the ISO/TR
8373 standard, defines a manipulating industrial robot as an automatically controlled, re-
programmable, multipurpose manipulator [9]. This manipulator can either be fixed in place or
mobile, designed for industrial automation applications [9]. For the purposes of this thesis, a
more specific definition is used: a robot manipulator, or simply a manipulator, is described as a
mechanical articulated arm composed of interconnected links. These links are joined through
hinges or joints, facilitating relative movement between consecutive links. The joints enable
various types of movement, including prismatic (linear), revolute (rotational), or a combina-
tion of both.

Despite its apparent simplicity with only one link, the chosen 1 DOF pendulum system aligns
with the definition. The motor-driven joint, equipped with a torque sensor, serves as a rota-
tional joint analogous to those found in traditional robot manipulators. This intentional sim-
plification allows for a focused investigation into the core principles of interaction control. By
using the proposed 1 DOF manipulator as a model, we aim to gain comprehensive insights into
the dynamics and control strategies essential for the integration of 3D printed torque sensors
in interaction control applications.

In robotics, the degree of freedom (DOF) refers to the number of independent parameters or
ways a robotic system can move. A one degree of freedom (1 DOF) manipulator has only one
independent way of motion. For example, In the context of robotics, a rotational DOF manipu-
lator could be, a simple rotational joint or actuator that allows a connected link or arm to rotate
around a specific axis. This type of manipulator is often used for tasks where rotation around a
single axis is sufficient, such as in some pick-and-place operations or simple assembly tasks.

2.5.1 Joint Space

The variables q;, g2, and g3 represent the joint positions of the robot manipulator in figure
2.10. These positions, defined within an appropriate reference frame, signify the displacements
of the robot’s joints, which can be either linear or angular. Analytically, in the context of an
n-degree-of-freedom (n DOF) robot manipulator, the joint positions and joint velocities are
gathered in the vector q and vector ¢4 respectively.
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Figure 2.10: A robot manipulator with three revolute joints [9].

)
qz
q= |4 (2.5)

[ qn |

Each joint in the robot is associated with an actuator. The primary role of actuators is to gen-
erate forces or torques, facilitating the movement of the links and, consequently, the overall
motion of the entire robot. In analytical terms, these torques and forces are collectively repres-
ented by the vector T

0]
T2
T=|73 (2.6)

Tn

2.5.2 Coordinate Frames

In the field of robotics, accurately determining the positions of objects, sensors, robot joints,
and the end-effector in space is crucial [9]. This task is commonly achieved through the use
of coordinate frames. To articulate the positions of frames in space, measurements are taken
with respect to some other frame [38], often with the origin designated as the base frame. Addi-
tionally, each frame is characterized by a combination of its position and orientation in space,
commonly referred to as its pose.

2.5.3 Kinematics

In robotics, kinematics is all about establishing a connection between how the joints of a robot
are positioned and the resulting pose of its end-effector. The end-effector is a crucial element
for the effective use of a manipulator in various applications. Consequently, kinematics plays

Robotics and Mechatronics Pasan Ottachchige



18 Interaction Control with a 3D Printed Torque Sensor in an Impedance Control Framework

avital role in developing robotic control systems and applications. The fundamental approach
involves strategically placing coordinate frames along the robot’s joints to derive the desired
relationship. The translation and rotation connections between these frames are typically ex-
pressed using homogeneous transformation matrices.

Determining the position of the end-effector involves solving a set of nonlinear equations,
which are then used to translate the configuration space in equation 2.5 into the Cartesian
pose. This process, known as forward kinematics, can be defined mathematically as follows:

x=f(q) 2.7

Where g is a vector of a set of joint angles, x is the resulting pose of the end-effector.

Once the pose of the end-effector is identified, there is often the need to identify the robot
configuration. This is achieved by solving the inverse of equation 2.7, that describes the inverse
kinematics.

g=f"x 2.8)

2.5.4 Dynamics

In the use of robot manipulators, there exists an array of outputs, usually denoted as y, the be-
havior of which one might aim to control. In the scenario of robots freely navigating in their
workspace without external interactions, the output y that requires control may consist of joint
positions g and joint velocities g. However, for robots that physically interact with their envir-
onment, the output y may have the torques and forces = exerted by the end-effector on its
surroundings [9].

Therefore, the resulting output y of a robot system, engaged in a particular class of tasks, typ-
ically follows the general form :

y=49(q,4,7)= 9 (2.9)

On the other hand, the input variables, those that can be adjusted to influence the output, are
the torques and forces T applied by the actuators on the robot’s joints [9].

q
T —
— ROBOT

q

Figure 2.11: Input output representation of a manipulator [9].

At this point, to implement control strategies, one establishes the mathematical model that
connects the input variables to the output variables. Typically, this mathematical representa-
tion of the system is formulated through ordinary differential equations (ODEs). In essence,
the model establishes a connection between the generalized forces or torques (input) applied
to the robot and the motion of the robot, depicting how the configuration q changes over time.
Various approaches exist, leading to different formulations, yet all converging to equivalent
equations [39].
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The equations that represent the motion of robots are frequently obtained through Lagrangian
mechanics, a formalism grounded in energy principles for deriving dynamic equations [9]. In
the case of an n DOF system with joint values q and joint velocities g, the Lagrangian is defined
in Equation 2.10 as the difference between the kinetic and potential energies of the system [9].

Lg.§=Tq,q-V@ 2.10)

Here, T'(q, ) and V(q) denote the kinetic and potential energies, respectively.

By applying Newton’s second law within the framework of the Lagrangian, a set of equations
known as the Euler-Lagrange equations is obtained.
d (0L(q,q oL
a (_(‘f ")) _ (_) —u 2.11)
dx 0q 0q

Equation 2.10 and Equation 2.11 are key for deriving the dynamic equations governing the mo-
tion of a system. The dynamic equations are obtained by evaluating the Euler-Lagrange equa-
tions, which involve the generalized joint forces 7, external loads 7.y, and non-conservative
generalized forces, including factors like friction. These forces are collectively represented by
the vector u. One of the key advantages of this method lies in its simplicity for analytically
determining both the kinetic and potential energy of the system, contributing to an enhanced
understanding of the system’s motion and dynamics [36].

2.5.5 General Form of Dynamics

An illustration of an RP (Prismatic-Revolute) manipulator is presented in Appendix A to enrich
the understanding of a manipulator system’s motion and dynamics. By employing Lagrange
and Euler-Lagrange equations, we obtained the force u, and torque u; exerted on the prismatic
and revolute joints of the manipulator, respectively.

u = (Il + 1 +my 1’12 + I’IZQCIZZ) q1 +2m2q2q'1 6]2 + dgCOS(Cll)(ml r+ I’H26]2) (2.12)

U = My G — My q2q'12 +agcos(gr)my (2.13)

In practical applications, it is often more convenient to express the dynamic model of a robot
with more than two links in matrix form. Examining equations 2.12 and 2.13 becomes insight-
ful, as they exhibit much of the interesting structure common to many second-order mechan-
ical systems [40]. On the right-hand side of each equation, there exists a term dependent on
the second derivatives of the configuration variables, a term quadratic in the first derivatives of
the configuration variables, and a term dependent solely on the configuration variables. These
terms can be organised to present the dynamics in the following standardised form [40]:

u=M@)j+C(q,§q+gq) (2.14)

Where M(q) € R"*" is a symmetric, positive definite mass or inertia matrix with n degrees of
freedom, and C € R is the Coriolis/Centrifugal matrix, g(q) € R is a vector of gravitational forces.

The dynamics outlined in equation 2.14 are particular to mechanical systems where the ac-
tuators directly influence the generalised coordinates. Typically in robot arms, each joint is
equipped with an actuator. Additionally, in mechanical systems, dissipative forces like dry
Coulomb friction or viscous damping are common. These forces are considered external and
are incorporated into the equations of motion after deriving them using Lagrange’s equations.
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While various models for friction and damping exist, these forces typically depend on the gen-
eralized velocity ¢ and possibly the generalized coordinates q. A broader expression capturing
the dynamics of second-order mechanical systems is needed to encompass a more general
scope [40], leading to a general form written as:

u=M@)d+C(q,¢q+gq) +Fgq) (2.15)

2.5.6 Dynamics of a Rigid Body

When dealing with robots, it’s important to move beyond the concept of point masses, as robots
are not point masses. To extend these concepts to the dynamics of a translating and rotating
rigid body, a formal definition is necessary. Consider a rigid body that occupies a volume V <
R3, where r is a vector from the origin to a point in V, and p(r) represents the mass density
of the rigid body as a function of location r. The mass of the rigid body is then calculated as
the volume integral of the mass density, and the center of mass is determined as the weighted
average of the mass density [40].

mz/p(r)dV (2.16)

1
I'CoM = —f ro(rdv (2.17)
mJy
When a rigid body rotates around a fixed axis, its orientation can be described by a single con-
figuration variable, denoted as g. For the analysis, a stationary x, y, z inertial frame can be
established, where the z axis aligns with the rotation axis. The kinetic energy of a body ro-

tating in a plane is then computed by integrating the differential kinetic energy at each point
r=(x,¥,2)! over the entire body [40]:

K:f %p(r)vzdv (2.18)

In the equation above, g represents the angle of the body, g denotes the angular velocity, and
v(r) = g/ x*+ y? expresses the linear velocity at the point r. Therefore, the kinetic energy can
be expressed in the form of equation:

K= %qu p(N(x*+yHdv (2.19)
14

The I, is the inertia of the body about the z-axis:

Iz = f p(N(x*+y*)dv (2.20)
v

For which the kinetic energy can be written as:

1, .
K= 5qTIZZq (2.21)

And if the rigid body has uniform density, equation 2.20 can be written as:

I,=m f (x*+y4)dv (2.22)
v
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If the z axis was chosen to pass through the center of mass of the body and another parallel
Z' axis at a distance d away, the scalar inertia’s are connected by the parallel-axis theorem for
planar rotation [40]:

Ly =1, +md? (2.23)

2.6 Conclusion

This chapter comprehensively reviewed the fundamental classical methods for robot interac-
tion control, covering both passive and active approaches. In focusing on active control sys-
tems, the chapter delves into various control schemes, with a particular emphasis on imped-
ance control. The discussion highlights the advantages, challenges, and suitable application
areas for these schemes. Importantly, the chapter underscores that there is no one-size-fits-all
‘universal’ interaction controller presently found in the state of the art. The choice among the
presented alternatives depends on a careful analysis of factors such as the available inform-
ation about the environment, computational complexity, and the feasibility of modifying the
internal position controller of the robot. Moreover, this chapter provides an in-depth explor-
ation of the theoretical foundation essential for realizing the dynamic equations of motion in
the context of a basic mobile manipulator robot. This understanding serves as a crucial pre-
requisite for effectively controlling the 1 DOF pendulum system.

In conclusion, the selection of the torque-based impedance control scheme for the proof of
concept in this project stems from a careful consideration of the unique characteristics of the
setup (as discussed in Chapter 6). The 1 DOF pendulum system, actuated by a Mechaduino [41]
controlled actuator, and equipped with the 3D printed torque sensor directly connected to the
motor shaft, presents a scenario where force/torque sensing and compliance are of utmost
importance. The system’s lightweight nature and pendulum like behavior, introduce nonlin-
ear dynamics that torque-based impedance control can effectively address. This method is
well-suited for tasks requiring interaction with the environment or humans, offering adapt-
ability to uncertain or dynamic conditions. In comparison to position-based impedance con-
trol, torque-based control excels in achieving low impedance characteristics, making it an ideal
choice for this application. The decision is further supported by the computational advantages
in scenarios where manipulator gravity is minimal, aligning with the prevalent slow-motion re-
quirements of the system. Overall, torque-based impedance control proves to be an effective
strategy for realizing the potential of 3D printed torque sensors in interaction control, provid-
ing a robust and adaptable solution for the proposed demonstration setup.
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3 Sensor Development

3.1 Introduction

This chapter serves to provide an overview of sensor design and fabrication. This chapter ini-
tiates with the introduction of the torque sensor designed by R. Heeg, which serves as the base
model for this project [1]. The changes made to optimize the results of the existing design are
then outlined, followed by the fabrication procedure of the sensor. The sensor will then be
tested experimentally and the characterization of the non-linearities of the 3D printed sensor
will be discussed. Finally, it introduces the sensor design fabricated for the demonstration
setup.

3.2 Previous Design

The CAD model displayed in Figure 3.1a represents the sensor designed by R. Heeg, serving as
the basis of our redesign [1]. This design draws inspiration from the work of Lou et al. [42], who
detailed a one-dimensional torque sensor used in robot collision detection. The sensor com-
prises an outer and an inner ring subjected to applied torque. These rings are interconnected
by four equally spaced spokes or beams, as depicted in the Figure 3.1. Application of torque
induces rotation along the central axis of the sensor, perpendicular to its surface, leading to
strain in the beams and subsequent deformation.

As depicted in Figure 3.1a, two sets of strain gauges are positioned on each side of the model
from the centre. Each set of gauges consists of two gauges located on opposite sides of a spoke.
Achieving a systematic arrangement involves placing the strain gauges in a mirrored fashion
across the neutral axis of each beam, ensuring that one gauge experiences tension (resulting
in positive strain), while the other undergoes compression (resulting in negative strain) when
atorque is applied. This symmetrical configuration is essential for a differential measurement.
Several studies have shown that using differential measurements improve the linearity of 3D
printed sensors [43, 44]. Additionally, such measurements help mitigate the impact of temper-
ature changes on the sensors. Screws are strategically placed in designated holes (depicted in
black) on both sides of the sensor. These holes, constructed from the same conductive material
as the gauges, provide a method for establishing the necessary electrical connections between
the strain gauges and the wiring system, facilitating the readout of measurements. For a more
detailed view of the strain gauge connections, refer to Figure 3.1b.

3.3 New Sensor Design

The objective for the redesign of the current sensor is to retain the current design while ad-
dressing determined shortcomings. As outlined in the introduction chapter, the redesign aims
to improve the dynamic range, accuracy, and repeatability of the sensor response compared
to the previous design. These improvements are important for the ultimate objective, which
is to employ the sensor in an interaction control scheme, given its response is a critical input
to the controller. Therefore, ensuring a stable sensor response is important for the effective
integration of the sensor into the control system.

3.3.1 Shortcomings of Previous Design

The previously designed sensor configuration involves establishing the connection between
wires and the conductive surface using screws, nuts, and washers to secure the wires in place,
as illustrated in Figure 3.1b [1]. This approach allows for a modular connection facilitated by a
bolt that fastens the wires. However, a drawback of this method is the limited depth to which
the screws penetrate into the designated holes connecting to the strain gauges. This slight
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(a) Previous CAD design of the sensor with two sets of (b) Previous design of the sensor with mounting hard-
strain gauges. ware shown.
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(c) CAD drawing of the previous sensor with main dimensions in mm.

Figure 3.1: Previous design of the sensor.

penetration was found to result in screws potentially loosening and dislodging due to vibra-
tions and movements and also increases the risk of contamination in the measurement signal
as the electrical contact resistance incurs variations due to mutual movements between the
screws and the sensing structure. A more robust connection design is required, which will be
addressed in the redesign of the sensor.

3.3.2 Improvements

The primary objective for the new design was to ensure stable connections between the sensor,
wires, and printed contact traces. Consequently, adjustments were made to the design to allow
screws to pass through designated holes. However, it was crucial to maintain an adequate gap
between the screws to prevent shorting.

Secondly, given that the experiments conducted with this sensor involved smaller loads, the
thickness of the beams was also reduced to enhance sensitivity to these smaller loads. This can
be seen clearly with the dimensions of the previous sensor design and new sensor design as
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(a) New CAD design of the sensor with two sets of strain  (b) New design of the sensor, with mounting hardware
gauges. shown.
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(c) CAD drawing of the new sensor with main dimensions in mm.

Figure 3.2: New design of the sensor.

illustrated in Figure 3.1c and Figure 3.2c The sensitivity of a strain gauge is influenced by the
amount of strain the material experiences in response to an applied load, thinning the material
leads to more deformation for the same load, resulting in a higher strain.

The sensitivity (S) of a strain gauge sensor is expressed as the ratio of the relative change in
electrical resistance (AR/R) of the strain gauge to the applied strain (¢):

_ARIR
B &€

S

(3.1

Strain is related to the change in length per unit length, and for a beam under bending, the
strain is influenced by the beam’s geometry. For a simple cantilever beam, the bending strain
(€pend) is proportional to the applied moment (M) and inversely proportional to the thickness
qubed (h®). In these cases, the moment of inertia (I) of the beam’s cross-section, which appears
in the denominator of the formula for bending strain, is proportional to h3:
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(a) CAD model of new strain gauge design.
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(b) CAD drawing of the modified strain gauge. Dimensions in [mm)].

Figure 3.3: New design of the strain gauge.
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Therefore, if we decrease the thickness of the beam while keeping other factors constant, the
bending strain will increase, resulting in a higher sensitivity of the strain gauge attached to the
beam. The redesigned sensor is shown in Figure 3.2a. The modifications to ensure a robust
connection can be seen in Figure 3.2b.

Emphasizing the importance of symmetry of individual strain gauges, the length of the strain
gauges along the beam was also kept consistent. The design, as illustrated in Figure 3.3, reflects
the adjustments made to these elements.

3.4 Sensor Integrated System

To evaluate the performance of the developed torque sensor, it was integrated into a mech-
anical system. A simple starting point of a 1 DOF single pendulum system with an integrated
torque sensor was selected. This initial and straightforward setup fulfills the project’s object-
ives of evaluating the sensor’s performance in interaction control. By fixing the sensor directly
to the rotating shaft of the motor, the accuracy was improved and outside influences were re-
duced, as this arrangement isolates the torque from the motor and minimizes parasitic forces.

The mechanical system was specifically designed in a way such that it can be actuated by a
stepper motor. This motor was controlled by a Mechaduino board, which allowed for torque-
controlled excitations, aligning with the initial project concept. The modified sensor design,
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illustrated in Figure 3.4, features one end that can be directly connected to the motor shaft,
while the other end remains free. Some additional holes for attaching bolted weights were
placed towards the open end to enhance the pendulum-like dynamics, potentially increasing
the overall torque required at the rotation point. The anticipated interaction involves physically
interrupting the system’s movement at the far end, like in real-world scenarios where external
forces, such as a hand or an obstacle, affect the free motion of the system.

This choice, emphasizing a balance between simplicity and effectiveness in the mechanical
design, brings out advantages that enhance the capabilities of the entire setup. To name a few:

1.

Minimal Mechanical Interference: By fixing the pendulum directly to the rotating shaft,
there are fewer mechanical components and linkages, reducing the chances of mechan-
ical issues.

. Improved Dynamic Response: The direct connection enhances the dynamic response

of the system. It reduces delays and offsets that could arise from additional mechanical
elements such as gears (backlash), enabling quicker and more accurate motion control.

. Simplified Control Algorithm: A direct connection simplifies the control algorithm, par-

ticularly in the modelling phase. With fewer intermediate components, the control sys-
tem can focus on the essential dynamics of the pendulum.

Reduced Mechanical Compliance: Direct attachment minimizes mechanical compli-
ance, ensuring that the pendulum responds more precisely to control inputs. This is
particularly advantageous when implementing control strategies.

Increased Precision in Torque Application: The direct connection allows for more ac-
curate torque application from the stepper motor to the pendulum. This precision is
crucial when studying and implementing interaction control methods, as it provides a
reliable and consistent input.

Figure 3.4: CAD model of 1 DOF pendulum like system with an embedded torque sensor.

3.5 Fabrication

The primary equipment used for fabrication includes:
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1. Printing Materials :

* Polylactic Acid :

PLA is environmentally friendly 3D printing material [45,46]. It has a printing tem-
perature of around 210 °C which is lower compared to many other filaments, which
makes it compatible with a wide range of 3D printers [47].

e ProtoPasta conductive PLA [48] :

cPLA is a type of 3D printing filament designed to have a finite electrical conduct-
ance. It is a variation of traditional PLA filament where conductance is promoted
by incorporating conductive materials, such as carbon black, into the PLA filament.

2. Diabase H5 3D printer :

This multi-material 3D printer, is part of the Diabase H-series. It enables simultaneous
printing with up to 5 filaments [7]. The filament switching mechanism operates based
on a turret configuration, which by design places idle nozzles at a safe distance from the
printing platform. For the fabrication of the sensor, two of the 5 nozzles were used.

Figure 3.5: Diabase H-series 3D printer [49].

3. PrusaSlicer software :

PrusaSlicer is a 3D printing slicer developed and maintained by Prusa Research, the com-
pany behind the Prusa line of 3D printers [50]. A slicer is a crucial component in the 3D
printing workflow that converts 3D volume models into machine instructions (G-code)
that the 3D printer can understand and execute.

The design featuring the integrated sensor was successfully printed using the parameters out-
lined in the Table 3.1, as illustrated in Figure 3.6.

The printing process began with default settings, producing decent prints. However, some
warping issues were noticed with initial prints, and an increase of the first layer thickness to
300 um, resulted in better prints without warping. While the altered layer thickness may have
contributed to the improvement, it became apparent that bed levelling also might have played
arole. Because some parts of the print were a bit off-centre, imperfect bed levelling may poten-
tially have caused warping. This issue was not apparent with the circular sensor printed at the
center of the bed but was noticeable with the sensor integrated pendulum model. Additionally,
variations in layer thickness were assessed to evaluate their impact on print quality, resulting
in visibly improved prints with lower layer thicknesses but at the expense of increased printing
time. As a compromise between print quality and time efficiency, a 200 pm layer thickness was
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Parameter Value
Layer Settings
Layer thickness 200 pm
First layer thickness | 300 um
Infill 40%
Temperature
PLA 210°C
ProtoPasta 225°C
Bed temperature 60°C
Printing speed
PLA 60mms~!
Protopasta 15mms™!

Table 3.1: Printing parameters.

Figure 3.6: 3D print of the sensor integrated 1 DOF pendulum system.

selected. Printing the sensor integrated pendulum faced challenges with nozzle offsets and bed
levelling, causing gauge misalignment. We resolved this by recalibrating the nozzles for proper
alignment.

According to Abeykoon et al. [51], increasing infill density contributes to the improvement
of PLA material’s tensile strength. Additionally, according to Naranag and Chhabra [52], the
highest tensile strength is achieved when utilizing a rectilinear pattern with 100 % infill dens-
ity. Given the changes to the sensor design, such as reduced beam thickness can cause the
beams to become weaker. Therefore, the infill was increased and a rectilinear infill pattern was
chosen. Figure 3.6 provides a visual representation of the successfully fabricated design.

3.6 Conclusion

In summary, the initial design was modified to ensure a stable connection between the strain
gauges and readout wires during sensor excitation. Additionally the strain gauges were re-
designed, emphasizing the need to maintain symmetry along the beam for a reliable differen-
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tial response. The refined design was then fabricated through FFF, resulting in the successful
fabrication of the new sensor design.

A1 DOF pendulum-like system with an integrated sensor was chosen as the experimental plat-
form for exploring interaction control methods. This integrated design, containing the printed
sensor, was successfully printed as shown in the Figure 3.6. Various printing parameters were
also explored to optimize both the functionality and quality of the print.

Improving both the strength and quality of the prints can be accomplished by tweaking the
printing parameters. In this study, these specific printing parameters were carefully selected
to ensure the accurate translation of the 3D model into a physical object by starting with the
default settings recommended in the literature and tweaking printing parameters by the visual
inspection of the print.

Robotics and Mechatronics Pasan Ottachchige



30 Interaction Control with a 3D Printed Torque Sensor in an Impedance Control Framework

4 Sensor Characterisation and Validation

4.1 Introduction

This chapter describes the characterization of the printed torque sensor. The measurement
setup used for the characterization is explained, including details about all equipment in the
configuration. The subsequent sections delve into the analysis and post-processing of the ac-
quired data. Additionally, measurement protocols and the readout techniques are thoroughly
explored. During characterization, aspects such as accuracy, non-linearity, hysteresis and re-
peatability are assessed.

4.2 Experimental setup

With the fabricated sensor, the next step is to establish an experimental setup that allows us to
assess the sensor’s behavior and performance. This work was performed in the NIFTy laborat-
ory, with specialized equipment to measure voltage changes of the strain gauges of the sensor
under varying excitation. The core components of this setup are:

1. 3D printed torque sensor.

2. DEWE-43A Data Acquisition System (DAQ) [53].
3. Power Supply Unit1Vto30V.

4. SMAC linear actuator LCA25-050-15F [54].

5. LCMFD-50N load-cell.

6. A PC with the required software.

¢ SMAC controller software.
e MATLAB.
¢ DewesoftX.

4.2.1 Fabricated Sensor

The fabrication process was already explained in Chapter 3. Figure 4.1 below illustrates the
successfully 3D printed torque sensor as used in the characterization setup.

Figure 4.1: Fabricated sensor for characterisation setup.
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4.2.2 DEWE-43A Data Acquisition System (DAQ)

The DEWE-43A, serves as a data acquisition system for capturing and processing the relevant
signals. To read the signals of the strain gauges and the load cell, three of eight analog input
ports of the DEWE were used. These inputs were time-synchronized within the DEWE, deliv-
ering a maximum resolution of 24 bit and a peak sampling rate of 200kS. Furthermore, It is
worth noting that the DEWE offers the flexibility to use various filters, and for this experiment,
an anti-aliasing filter was used. Additionally, a digital counter port is used to reconstruct the
actuator position from the extracted encoder pulses.

Figure 4.2: DEWE-43-A DAQ [55].

4.2.3 SMAC linear actuator

The linear actuator used in this experimental setup is the SMAC LCA25-050-15-F [54], a
solenoid-based actuator featuring a 50 mm stroke and a peak force of 15N, operating at 24 V.
This multipurpose linear actuator supports both position and force control. The actuator is
controlled by the LCC-10 controller [56]. The controller uses an Embedded Motion Control
Library (EMCL) to oversee all SMAC functions [57]. The measurement PC communicates via a
USB serial interface, offering multiple operational choices. A Graphical User Interface (GUI) is
available for ease of use, or alternatively, users can manually establish communication chan-
nels and provide specific commands [57]. For experimental purposes, a combined approach
is adopted, using the provided interface for actuator initialization and subsequently custom
scripts for either position or force control implementations run through MATLAB.

Figure 4.3: SMAC actuator and LC-10 controller.
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4.2.4 Software

During the sensor characterization process, three software tools provided with the lab meas-
urement PC are used. As previously mentioned, the LCC-10’s software is used for the initial-
ization of the SMAC actuator via its GUI. However, the commanding scripts that control the
actuator motion, are executed through the provided MATLAB scripts [58]. The Dewesoft DAQ
system is initialized and controlled by its dedicated firmware. The entire process of data ac-
quisition is seamlessly integrated into the MATLAB environment relying on MATLAB serial
communication commands provided by Dewesoft. Beyond acquisition, the subsequent post-
processing of the obtained data is also conducted within the MATLAB environment.

4.3 Measurement Setup

PC with
DEWE DAQ Software

AN

SMAC
Controller

PSU

ensor mounted arm

SMAC
Actuator

Load cell

Figure 4.4: Overview of the setup.

The assembly of the experimental setup is based on an aluminum plate featuring 6 mm
threaded bores arranged in a symmetric grid of 5 by 5 cm. This design allows for easy and fast
assembly of various geometric structures. The SMAC and the sensor are securely fixed to the
plate using a combination of 3D printed and metal supporting structures. In this characterisa-
tion experimental setup, the objective is to apply a mechanical load on the sensor, intending to
induce deflection in the beams, consequently causing resistance changes in the strain gauges.
As shown in Figure 4.1, the sensor comprises of both an outer ring and an inner ring, subject to
a torque applied around the central axis. These rings are linked by four equally spaced beams.
When a torque is exerted, the sensor undergoes rotation along its central axis, perpendicular
to the sensor’s surface. This torque induces strain in the beams, resulting in their deformation.
Strain gauges are placed on the beams where the maximum strain occurs during deformation.
As the beams deform, the strain gauges experience changes in geometry, leading to corres-
ponding change in resistance.

In order to secure the sensor in a way that a constrained load can be applied, a 3D printed
bracket is bolted to the aluminium plate (refer to Figure 4.6). The bracket secures the sensor
horizontally at its centre, enabling rotation around the central axis. Furthermore, an extension
arm, as shown in Figure 4.5, is connected to the sensor and the SMAC at other end. Given that
the SMAC generates a linear force at a distance from the rotation point, a torque is produced
that deforms the strain gauges resulting in a sensor response.
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Figure 4.5: Measurement setup (1-Sensor, 2-Sensor mounted extentions arm, 3-SMAC actuator, 4-SMAC
controller, 5-Load cell, 6-DEWE, 7-Half bridge setup, 8-Mounting plate).

Figure 4.6: 3D printed bracket that allows to fix the sensor.

For the measurement of resistance changes, two strain gauges on one beam are directly linked
to the Dewesoft Data Acquisition (DAQ) System via separate RS232 cables. To achieve this con-
nection, the cable setup is modified to use the strain gauges in a half-bridge configuration,
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following the guidelines in the Dewesoft manual [53]. Figure 4.7 illustrates the Wheatstone
bridge circuit configuration for the chosen half-bridge system. The use of a Wheatstone bridge
is preferred over direct resistance measurement due to its sensitivity, temperature compens-
ation capability, and linear response. Two half bridge systems were configured, one for each
strain gauge. Since the sensors were connected individually, two potentiometers, one for each
bridge, are incorporated, and both set to a balanced state before initiating experiments. This
balancing involves adjusting the potentiometer associated with each bridge, aiming to achieve
a state where the bridge is electrically balanced. The need for a balanced state in a Wheat-
stone bridge configuration is tied to the principle of operation (will be elaborated later in this
chapter) of the bridge and its impact on measurement accuracy.

As shown in Figure 4.7, the right side features the potentiometer (Ry, top right) and one of the
gauges (R;, bottom right). On the left side, R; and R, represent the internal resistors integ-
rated into the DEWESoft hardware. These internal resistors are essential components needed
to complete the half-bridge circuit. In this connection exciation lines (Exc+ and Exc-) con-
nect the excitation voltage source to the bridge circuit. In strain gauge measurements, 10V is
applied to the bridge. Input lines (In+ and In-), connect the outputs of the bridge circuit to
the designated input connections on the DEWESoft hardware. The voltage difference across
the bridge is captured through the sense lines. The two sense lines (Sns+ and Sns—) are con-
nected to the excitation lines and these voltages will be supplied to the fixed resistors integrated
into the DEWESoft hardware, which is visibly positioned on the left side of the Figure 4.7

Exc+ (1)

Sns+ (6) _L__ ________ *
R,
Shunt R (5)

In+(2)
ol
A Sns-(3) oo
~ Exc- (8) I :_
| In-(7)

«

Figure 4.7: Half bridge system [59].

Additionally, the load cell is connected to the SMAC to measure the actuation force, see Fig-
ure 4.5. All three readout cable assemblies, two for the sensors and one for the load cell are
connected to the analogue inputs of the DEWE DAQ for data acquisition during measurements.

4.4 Measurements

To capture the sensor response, strain gauges are placed in a half-bridge configuration, incor-
porating 20 kQ potentiometers. The Dewesoft system conducts measurements at a high sample
rate of 20kHz, employing a 10V input voltage for the bridges. Furthermore, filtering is applied
within DEWEsoft to reduce the aliasing of the acquired data. This is achieved through the ap-
plication of a low-pass Infinite Infinite Impulse Response (IIR) filter.

The linear actuator is initialized in force control mode. Then MATLAB scripts are used to com-
mand a sinusoidal motion, generating torque at the center of the ring due to the specific geo-
metric configuration of the experiment. Each experiment yields three distinct data sets. During
the force excitation from the linear actuator, the voltages resulting from the AR/R of the two
strain gauges, and the load cell measurement of the actuation force are recorded.
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The chosen maximum force for exertion was selected to be 10 N. Taking an arm extension of
[ =0.125m, the maximum torque applied is calculated to be Tyax = 10/ = 1.25 Nm. Multiple
experiments with a range of amplitudes and frequencies were carried out. Each measurement
combination was repeated two times for repeatability with a duration of 60 s per measurement.

Calculation of relative resistance changes AR/R from the half-bridge voltage measurements of
the strain gauges is described below using a Wheatstone bridge configuration.

Strain
Gauge

Figure 4.8: Wheatstone bridge circuit.
The relative resistance change of one strain gauge can be generally calculated by,

AR _ Rea-Rg

R Ro (4.1)

In this calculation, the initial resistance of the strain gauge at the balanced state is Rg and the
resistance of the strain gauge when beams are deforming is R, are required.

At sthe balancef state Vo = Vp

R is the resistance of the internal resistors which we can read from Dewesoft. R, is the poten-
tiometer resistance at the balanced state and Rg is the gauge resistance at the balanced state
which we are looking to find.

R
Ve = -V 4.2
C R+ R in ( )

Rg
- Vi 4.3)

Rz + RG
When bridge in balance state
R __fe .y (4.4)
R+R ™ Ry+Rg " '

By changing the potentiometer setting R, we can bring the bridge in to the balanced state and
measure that resistance of potentiometer using a multi-meter. Therefore the initial resistance
of the strain gauge can be calculated using Equation 4.4.

RG=R» 4.5)
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Now we need to calculate the resistance of the gauge when it deforms with the beam, this can
be done by using Equation 4.2 and Equation 4.3

Vm=Vc—-Vp (4.6)
R Rcal
V. = Vi —— v 4.7
m R + R mn R2 + Rcal m ( )
1 R
lhz(————ﬁi—)%n (4.8)
2 Ro+Rcq

From Equation 4.8 we can derive an equation for the resistance of the strain gauge R, in terms
of the Input voltage Vi, measured voltage Vi, and potentiometer resistance Ry

_ RZ (Vin_ZVm)

R.= 4.9
A oV + Vin (4.9

Substituting Equation 4.9 and Equation 4.5 to Equation 4.1 we can find the relative resistance
change of the strain gauge.

4.5 Results

The primary objective of this characterization experiment is to analyse various aspects of the
3D printed torque sensor’s performance, including accuracy, non-linearity, hysteresis, creep,
and drift. The initial step involves an examination of the relationship between the measured
voltage and the applied torque on the sensor, as well as hysteresis by establishing a connection
between the relative resistance change and torque. It is essential to note that the characterisa-
tion within this study is aimed at providing a phenomenological perspective on the behaviour
of the 3D printed sensor, rather than offering an analytical description of the sensor’s physical
behavior, the study focuses on understanding its characteristics through empirical observa-
tions.

The findings presented in this chapter are the result of the analysis of two distinct data sets.
The first data set involves a sine wave measurement with a maximum torque of 1.25Nm and
a maximum frequency of 1 Hz, while the second data set explores the sensor’s response to a
minimum torque of 0.5Nm at a minimum frequency of 0.2 Hz. The selection of these data
sets not only aims to capture the differences between the results but also serves the purpose
of evaluating the sensor’s behaviour across a wide range of operational conditions. For a de-
tailed breakdown of each conducted experiment and an overview of the results, please refer to
Appendix B.

The measured voltage (Vi) for each experiment is visually represented over time, clearly
demonstrating the expected behaviour. This is evident from the signal patterns illustrated in
Figure 4.9 and Figure 4.10.

In the process of preparing acquired data for analysis, a digital filter was applied to eliminate
noise from the data. This was done during post-processing, using a zero-phase filter that op-
erates in both the forward and backward directions [60]. Specifically, a 2"¢ order Butterworth
low-pass filter was chosen for this purpose. To determine the suitable cut-off frequency, an
analysis of the frequency spectrum of each signal was conducted, as shown in Figure 4.11. The
data set acquired with 1.25Nm torque input with a frequency of 1 Hz is used to illustrate the
concept of cut-off frequency for the filter. Looking at the Figure 4.11, it seems that a minimum
cut-off frequency of around 5 Hz is required due to the presence of fundamental frequency
peaks up to 5Hz. It is necessary to make sure that the higher harmonics are captured in the
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Figure 4.9: Individual response of strain gauges for a 1.25 Nm torque at a 1 Hz sinusoidal excitation.
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Figure 4.10: Individual response of strain gauges for a 0.5 Nm torque at a 0.2 Hz sinusoidal excitation.

signal, up to a point where the noise in the signal hides the magnitude of the highest harmonic.
Therefore, to keep the impact of noise under control a cut-off frequency of 10 Hz was chosen.

With the chosen cutoff frequency, a 2"d order Butterworth filter was designed and applied as
represented by the transfer function in Equation 4.10.

1.542 x 107922 +3.084 x 10722+ 1.542 x 1072
H(z) = (4.10)
z2—2z+0.9999

The filter was applied to all four data sets, and the filtered voltage responses of each half-bridge
signal are depicted alongside the raw data in Figure 4.12 and Figure 4.13.
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Figure 4.11: Frequency spectrum of strain gauges for a 1 Hz sinusoidal torque input.
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Figure 4.12: Filtered and raw responses of strain gauges for a 10 N force at 1 Hz sinusoidal excitation.

Following the acquisition and post processing of input and output data, the next step involves
establishing the relationship between input torque and output voltage over time. Figure 4.14
illustrates the force exerted by the linear actuator on the sensor, measured by the load cell,
across two distinct experiments.

The plotted input-output relationship over time as shown in Figure 4.15, shows the sensor’s
hysteresis and also highlights the sensor drift. Notably, the observed drift is higher with higher
forces.

Additionally, individual gauge observations indicate opposing responses, a phenomenon that
aligns with expectation of opposing strains. This is reflected in Figure 4.16.

The impact of differential measurement on drift becomes more evident when visualizing a re-
stricted number of cycles, each separated by a substantial time interval, as illustrated in Fig-
ure 4.17 and Figure 4.18. It can be seen that the differential measurement partially compensates
for sensor drift compared to each gauge’s individual response. This behaviour also has been
seen in other studies such as [43].

Furthermore, examining the individual responses of the gauges alongside the differential re-
sponse reveals an observable improvement in response linearity with the differential meas-
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Figure 4.13: Filtered and raw responses of strain gauges for a 4 N force at 0.2 Hz sinusoidal excitation.
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Figure 4.14: Output force of sinusoidal excitation from SMAC actuator.
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(a) Response for 10 N force at 1 Hz sinusoidal excitation. (b) Response for 4 N force at 0.2 Hz sinusoidal excitation.

Figure 4.15: Filtered differential response of datasets.

urement than individual responses. Similar behavior has been observed in other studies, as
documented in [44] and [1]. Consequently, opting for the differential response derived from
the sensor’s collective response, rather than considering individual responses, is preferable for
effective control system implementation.

Furthermore, a first-order polynomial is applied to the filtered data. This linear fit serves as a
representation of the sensor’s characterized response, illustrating the voltage difference corres-
ponding to the applied torque. The purpose behind this step is to use this as a starting point
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Figure 4.16: Strain gauge responses to sinusoidal excitation force of 10N at 1 Hz.
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Figure 4.18: Filtered response of both gauges for 3 cycles from data set 2.

for the control system implementation mapping the voltage readouts of the sensor to the input
torques.

It is worth mentioning that the estimated linear fit varies with changes in both input frequency
and amplitude. This observation can be seen with the linear fit representations of both data-
sets.

The fit for data set 1 with 10 N force input at 1 Hz is,
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y=1.9470x—0.461 (4.11)

The fit for data set 2 with 4 N force input at 0.2 Hz is,

y=1.7185x—0.07408 (4.12)
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Figure 4.19: Linear fit with the filtered differential voltage against the input torque for both data sets.

However, when subjected to the same torque at different frequencies, the linear fits closely
follow consistent behaviour. This observation leads to the conclusion that variations in input
torque have a greater impact on the approximation. These results can be further seen in the
Appendix A.

4.6 Conclusion

In conclusion, this chapter presented a comprehensive characterisation of the 3D printed
torque sensor. An experimental setup, featuring the sensor in combination with a linear actu-
ator and a load cell, was used to evaluate the sensor’s behavior under varying conditions. The
applied methodology involved sinusoidal torque inputs with different frequencies and amp-
litudes, capturing a broad spectrum of operational scenarios.

The obtained measurement results have been presented, and their subsequent post-processing
is also detailed in this chapter. These results revealed key sensor characteristics, including hys-
teresis, non-linearity, and drift. As an initial step towards representing the sensor behaviour for
control purposes, a linear fit was used.

The differential measurement approach, considering collective responses from strain gauges,
demonstrated improved linearity and partial drift compensation. Furthermore, the responses
indicate a closely linear behaviour when the sensor is subjected to low frequency, low torque
inputs. However, as the input frequency and torque are increased, the sensor’s response be-
comes less linear, mainly due to the influence of hysteresis.
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5 Impedance Control

5.1 Introduction

In robotics applications like manipulation, grasping, assembly, and locomotion, physical con-
tacts play a fundamental role. Effectively managing these contacts requires the ability to regu-
late interaction forces or, more broadly, to control the compliance of the robot.

The primary focus of this chapter is to delve deeper into the selected interaction control
scheme. This will be achieved by breaking down the main goal into several sub-goals. The
initial objective being to understand the dynamics of the pendulum system. Following this, the
aim is to simulate the dynamics of the plant for validation using MATLAB and Simulink. Next
the interaction control scheme will be developed, along with further analyses and simulations
of the control system in Simulink. This will also include a MATLAB simulation of the interaction
control for a 1 DOF pendulum system.

In the experimental setup, a control system will be implemented for a 1 DOF pendulum system.
Therefore, this chapter will introduce the pendulum system and its characteristics, with the
following mathematical derivations being tailored exclusively for this particular type of robot.
Working with a 1 DOF pendulum simplifies the control and analysis process making it an ideal
starting point for understanding and developing control strategies before expanding to more
complex systems with multiple degrees of freedom. Furthermore, it allows us to investigate the
impact of the characteristics of the incorporated 3D printed sensor on the system dynamics
and control performance for a simple 1 DOF movement.

Before delving into the subject, it's important to clarify the term "compliance". In mechanical
terms, compliance typically describes a material’s inherent property, not that of a structure.
However, for the sake of historical consistency and clarity, this thesis continues to use the term
"compliance" in the context of robotics, although the accurate term should be "flexibility." [61].
In this thesis, "compliance" refers to the relation between motion and forces at a contact point.
This includes both the stiffness and damping of the structure, excluding its inertia.

5.2 Equation of Motion of Proposed System

To derive the equation of motion (EOM) for the proposed 1 DOF pendulum system and sub-
sequently develop the control system based on the theory explained in Chapter 2, it is essential
to initially define the inertia matrix M, Coriolis effects C, generalized forces or friction F and
gravitational forces g in the system dynamics as explained in Equation 2.15. However, un-
derstanding the system kinematics is necessary before delving into the dynamics. Kinematics
provide insight into how the system moves. First the pose (position and orientation) is determ-
ined of the center of mass (CoM) of the system, expressed in terms of the generalized coordin-
ates g. In this case, the system is fixed on the z axis plane, with rotation occurring around
the z axis. The schematic overview of the pendulum system is shown in Figure 5.1. The pose
comprises of the 2D (x, y) positions and the orientation angle 8, which is represented in a 3-
dimensional vector [62],

Xc
P=|y (5.1)
0

Similar to the pose, the linear and angular velocity can be expressed as the twist V,

Pasan Ottachchige University of Twente



CHAPTER 5. IMPEDANCE CONTROL 43

Figure 5.1: The schematic overview of the pendulum system.

e
V=|Je (5.2)
0
With the generalised coordinates, the twist of the link can be expressed as:
= —ap(dq)—f( v (5.3)
T oq \ar) T\ '
where,
J(q) = op (5.4)
q - aq *

is the analytical Jacobian of the link’s centre of mass. For a 1 DOF pendulum system, g is the
angle 0 that describes the state of the system.

To get the pose of the CoM of the system, first we need to find the CoM of our pendulum system.
In modelling the pendulum system, the centre of mass for the rigid link was determined by
assuming uniform density for the link. Bolted weights that could be added to the end of the
pendulum were treated as point masses attached at specific locations. The overall CoM was
calculated by summing the contributions from the original link and bolted weights.

The formula for calculating the CoM distance (loom) is derived based on the principle of
weighted averages. This principle recognizes that the overall CoM position is influenced by
both the mass distribution within the rigid link and the discrete point masses represented by
the bolted weights. Considering the masses of the link and bolts and their respective distances
from the rotation point. The CoM of the system can be calculated as follows,

lin
Miink * 5% + Mot * Iholt

(5.5)

lcom =
Myink + Mpolt
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Where,

myink - Mass of the rigid link.

Link - Length of the link.

Mpolt - Total weight of the bolted weights, equivalent to the sum of all the point masses.
Iyolt - Distance from the rotation point to the point masses.

lcom - Centre of total mass of the system as a whole.

Making use of Equation 5.5 the I, can be calculated and the pose of the CoM can be written
with respect to the local coordinate system attached to the rotation point of the pendulum as
depicted in the Figure 5.2 as follows,

Y N

mg

Figure 5.2: Pose of the pendulum system with respect to the rotation point.

X lcom sin(6)
Peom = || = | ~Icom cos(0) (5.6)
7] 7]

The CAD model of the pendulum system, including bolted weights, ensures that CoM is pre-
cisely located along the neutral axis, as illustrated in Figure 5.3. The mass properties, along
with the coordinates of the CoM relative to the rotation point, have been computed from the
CAD model. For detailed information, please refer to Appendix C.

5.2.1 Inertia Matrix

After determining the center of mass, the subsequent step involves deriving the inertia matrix
M. The inertia matrix can be obtained through an analysis of the system’s kinetic energy. Re-
calling that the kinetic energy K of a rigid body with mass m, linear velocity v, the moment of
inertia I and angular velocity 6 is expressed as,

1 1.
K=-mv’+=16% (5.7)
2 2

The kinetic energy of a mechanical system can also be reformulated using generalized velocit-
ies g and the inertia matrix M(q) [40, p. 356], [62]

1
K= Ec'iTM(q)i] (5.8)
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Figure 5.3: Center of mass of the CAD model of the pendulum with bolted weights.

From equation 5.8 it can be observed that kinetic energy depends on the inertia matrix. There-
fore we can derive the inertia matrix from the kinetic energy of the system. By representing the
kinetic energy of our system using the expression provided in Equation 5.7, which describes
the kinetic energy of a rigid body. We arrive at the following matrix form:

1 7
KZEV GV (5.9)
Where,
X
V=|y
0
twist of the link and
m 0 O
G=|0 m O
0 0 I

the inertia tensor. To find an expression for the inertia matrix we can express Equation 5.9 in
terms of generalized velocity. Substituting Equation 5.3 into Equation 5.9 we can derive K as
follows,

1
Kzqu](q)T-G-](q)c'] (5.10)

Now using the above equation and Equation 5.8 the intertia matrix M can be derived as follows,

M@ =J" G J(q) (5.11)

To compute the inertia matrix M(q) as per Equation 5.11 we need to find Jeom, first. In this
analysis, the vector g represents the joint variable, and for the specific case of a single degree
of freedom system, it is denoted as 6.

oP g_g lcom cos(6)
Jeom = 0 = g—g = | leom sin(0) (5.12)
0q i 1
00
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Combining this result with Equation 5.11, the inertia matrix can be written as,

lcom cos(6) r m 0 0] [lcomcos(@)
M(@) = Jeom (@) T GJeom(q) = | lcom sin(0) 0 m 0| |lomsin@®) (5.13)
1 0 0 I 1
M(q)=ml%, +1 (5.14)

Estimating the moment of inertia (I) involves a simplification approach where the pendulum,
now equipped with bolted weights, is modelled as a solid rectangular plate. This simplification
is used for ease of estimation, recognizing that the obtained value may not be entirely precise.
The resulting equation for the moment of inertia around its centre of mass under this simplified
representation can be written as,

1
I= Em(lﬁnk+ w?) (5.15)

where m is the total mass of the system. [} is the length of the body, assumed to be the length
of the rectangular plate. w is the width of the body, which is the width of the rigid link.

This equation holds when system rotates around the center of mass, or in other words, when
the z axis is located through the center of the mass of the system. However for our system, the
rotation axis is located away from the CoM by .o - By applying the parallel axis theorem the
new inertia can be written as,

2
I'=T1+ml,, (5.16)

Allowing us to rewrite the inertia matrix M(q) as below by combining Equation 5.14 and Equa-
tion 5.16,

M(q)=2ml2, +1 (5.17)

Following from Equation 5.17 the Inertia matrix for our 1 DOF pendulum system is a constant
scalar.

5.2.2 Coriolis/Centrifugal matrix

The Coriolis term is linear in g and represents the forces that arise from the velocities of the
system [40]. While numerous methods exist for expressing the coriolis matrix C(q, ) in terms
of Christoffel symbols, a frequently used approach is [63], [40, p. 354],

n
Cij(q,4) =) Tijk(@) g (5.18)
k

where I'; j are the Christoffel symbols, calculated from the mass matrix and 7 is the number of
joints in the system. In order to determine the Coriolis matrix, the initial step involves obtaining
the array of Christoffel symbols,

OMij My Mk

1
- (5.19)
2| 0gr 0dq;  0q;
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OM;;
where M; is i j-th element of the mass matrix M(g). The symbol Oq”
k

ative of an element of inertia matrix with respect to the joint coordinate gj.

denotes a partial deriv-

It follows from the equation that, to compute the Christoffel symbols and subsequently the
Coriolis matrix C(q, g), we need to know the mass matrix M(q) and its partial derivatives. With
the Inertia Matrix M(q) computed as a constant scalar, it’s noteworthy that the Coriolis forces
in this configuration reduce to zero C(q, q) = 0. This simplification arises as the derivative of
the Inertia Matrix, responsible for Coriolis forces, is equal to zero for the 1 DOF pendulum.

5.2.3 Gravity vector

To derive the gravity vector g(q), we look into the system’s potential energy. The potential en-
ergy U associated with a mass m at a height y is expressed as U = mgy, where g signifies the
gravitational acceleration. In a robotic system which has multiple links the potential energy is
given by,

U=g) m;-yi (5.20)

Now, the gravitational force acting on each mass element of the system can be derived from
the potential energy. This involves taking the partial derivatives of the potential energy with
respect to the joint variable associated with the link (joint angle) q.

g =[g1(@), 8@, &(@)....en(d)] (5.21)

n represents the number of links. Each g;(q) represents the gravitational force acting on the
i — thlink. The resulting torque generated by gravity on the joint is then computed as follows:

Tg=m-g-lcomsin(0) (5.22)

5.2.4 Generalized forces or friction

The term F(q.q) typically represents additional generalized forces or friction in the joint. We
assumed that the system is considered to be free of any additional generalized forces other than
friction. In this study, friction is characterized by viscous damping, a type of damping that is
proportional to the velocity. Frictional torques can be modelled as linearly dependent on the
rotational velocity,

F=Bg (5.23)
B is damping coefficient.

5.2.5 Equation of motion

The next stage involves the computation of the derived inertia matrix, Coriolis matrix, and grav-
ity vector with the system parameters and variables. Subsequently, these derived matrices and
vectors will be used to formulate the equations of motion for the 1 DOF pendulum system,
as explained in the aforementioned theoretical framework. The calculated/measured system
parameters are detailed in the Table 5.1.

Taking the dynamic equation of motion for a robotic system derived in Chapter 2,

T=M(q)4+C(q,9)q+g(q) +F(q,q) (5.24)
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Variable Variable name Varibale value | Units
Mlink mass of the rigid link 0.0550 kg
Mbpolt total mass of the 3 bolts 0.0180 kg

Dink length of the link 0.230 m
Ivolt distance to the bolts from the rotation point 0.215 m
w width of the rigid link 0.048 m

Table 5.1: Parameters of the pendulum system

and proceeding with this equation to calculate the torque acting on the robot joint. We arrive
at the following:

T=(ml%,+1){+m-g-leomsin(q) + Bg (5.25)
This formulation also serves as the inverse dynamic representation of the pendulum system.
The Equation of Motion (EOM) for the system can be obtained by solving this expression to
determine the system’s acceleration as follows;

b= T—m-g-leomsin(qg) —Bg

(5.26)
ml2y, + 1T’

5.3 Impedance Control

In Chapter 2, various interaction control methods were discussed, emphasizing the import-
ance of effectively handling interaction forces in the design of control strategies for robotic
systems. Traditional control theories, assume accurate representation of system dynamics up
to a certain frequency [64], but may fall short especially when low-frequency behaviour alter-
ing interaction forces are introduced. In these scenarios, conventional control methods prove
insufficient to design control strategies that allow the system to interact with its surroundings
in a stable, responsive, and controlled manner and this is where interaction control methods
become important. Recognizing this limitation, impedance control was identified as a suitable
approach for effectively managing interaction forces within the proposed pendulum robot sys-
tem. Impedance control adjusts the robot’s mechanical impedance, defining the relationship
between robot motion and resulting forces/torques [36]. By viewing the environment as an
admittance that maps forces to velocities [10], implementing an impedance behavior on the
manipulator becomes a suitable choice for defining interaction behavior during contact.

Starting from the general equation of motion for a multi DOF mechanical system as expressed
in Equation 5.24, variable 7 represents all input torques and is occasionally divided into control
torques and external torques.

T=Te+Ty (5.27)

In the domain of control systems, the objective is to select control torques 1, that guide the ro-
bot’s behavior toward a desired state. The perspective of 'impedance control’ offers the flexibil-
ity to develop these control architectures either in joint space or Cartesian space (Section 2.5.1).
In our specific scenario, where we use a torque sensor to detect joint torques, the focus will be
on implementing impedance control in joint space. The use of a 3D printed torque sensor al-
lows us to directly measure joint torques, providing a direct insight into the robot’s interaction
with the environment. Joint space impedance control proves advantageous in this context as it
enables us to directly regulate the robot’s joint-level dynamics.
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5.3.1 Joint Space Impedance Control

The external force exerted on the end of the manipulator under pure position control will not
affect the movement of the end-effector, because in this case the manipulator can be con-
sidered completely rigid. If active compliance control is to be achieved, even if the robot arm
shows a certain degree of flexibility, the interaction between it and the environment needs to
be considered. At this time from Equation 5.27 the joint driving torque can be written as,

M@ G+Cq,q+F(q,q)+8(q@) +Te =Ty (5.28)

T represents the external environmental moment acting on the robot joints. 7, is the driving
torque of the robot joint.

The fundamental impedance controller in joint space is derived by shaping the effective po-
tential energy of the robot. The torque generated by the interaction between the manipulator
and the environment can be written as,

Te=D0q-0)+K©O4q-0) (5.29)

This is also called the target impedance behaviour. Here, 6 and 84 represent the target and
actual angular position respectively, 6q and 6 represent the target and actual angular velo-
city respectively. This control law introduces a virtual spring and damper to the robot’s joints.
Matrices K and D represent the stiffness and damping respectively, during the interaction with
the environment. The objective of this impedance controller is to impart impedance-like be-
havior to the entire system. Adjusting the stiffness and damping parameters of this control
law allows us to tailor the system’s behavior according to our desired specifications, especially
when engaging with external forces.

5.3.2 Torque-based Impedance Control

Considering the thesis’s objective to explore interaction control possibilities using a 3D printed
torque sensor, the decision was made to implement the controller using torque-based imped-
ance control in Chapter 2.

The control architecture developed uses a cascade control architecture, which consists of an
impedance controller closed around an inner torque loop at the joint level. This is shown in Fig-
ure 5.4, where by integrating a nested torque controller, the use of a computed torque control
law becomes possible. This control law effectively addresses system non-linearities under the
assumption of an ideal torque sensor which, however, is not the case in this work. The presence
of the inner joint space torque controller allows for treating the robot joints as torque sources,
which significantly simplifies the implementation of advanced control approaches that utilize
joint torques as their output.

The outer loop controls the robot’s compliance by providing feedback on the joint positions,
and generating torques necessary to exhibit desired stiffness and damping characteristics. 0
and 64 represent the actual and desired joint positions respectively. The impedance control-
ler’s output serves as the reference torque 7; for the inner torque loop. These reference torques
are then directed to the inner torque loop, which uses feedback from the actual torque at the
robot joints, to track and the reference torques. Joint torque 7 and position § measurements
are obtained through torque and position sensors respectively. The torque controller’s output
U commands the actuator. It’s also important to highlight that this architecture does not cur-
rently incorporate feed-forward torque for compensating robot dynamics, as will be discussed
in more detail in a later section.
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Inner torque loop

Figure 5.4: Block diagram of impedance control scheme.

Focussing on each loop separately. In typical robotic systems, the motor system is connected
to a rigid link, constituting an inertial load. Inertial loads, as per [10], are admittances where
the application of force is feasible, but not of velocity. Consequently, for a robot, characterized
as arigid body system, the input is fundamentally identified as a torque (or generalized force).
Employing a joint-space torque controller simplifies the application of such inputs.

5.3.3 Torque Control Loop Design

As mentioned earlier, robots are commonly represented as rigid body systems, with torques
serving as inputs to their dynamics. Achieving optimal control performance necessitates the
precise measurement and control of the inputs exerted on the system. It is crucial to ensure
the highest possible accuracy in managing these inputs for effective system control.

The PID error feedback controller stands out as the most widely used controller due to its sim-
plicity and robustness [65]. However, when implementing torque control, the derivative term
can introduce stability issues, especially when numerical differentiation is sensitive to the high
noise levels inherent in strain gauge-based torque sensors. In such instances, the derivative
term may not be practical, making a PI controller more suitable [61].

+
> —>
Controller Dyﬁamics

T 3DP Torque
Sensor

Figure 5.5: Block diagram of the PI inner torque control loop.

5.3.4 Outer Impedance Loop Design

One of the simplest ways to implement an impedance controller is likely by using a PD joint-
space position loop. The integral term is often deemed unnecessary since achieving zero
steady-state position error is typically not a critical requirement in a compliant system. Ad-
ditionally, the physical counterparts of the PD control terms are directly linked to the intuitive
understanding of compliance [61].

* Proportional Term P: This term can be linked to a spring, generating a control action
proportional to the position error.
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* Derivative Term D: This term can be linked to a damper, producing a control action pro-
portional to the velocity error.

In the cascaded system, the output of the PD controller, denoted as T; is necessarily a torque
measured in Newton-meters (Nm). The proportional gain is expressed in units of Nm/rad,
which aligns with the characteristics of a rotational spring. Similarly, the derivative gain cor-
responds to units of a rotational damper Nms/rad [61]. The advantage of using these units for
the controller gains lies in the straightforward physical interpretation they provide.

Without an inner torque loop, the output of the feedback controller T; directly serves as an
analog input to the actuator, such as voltage or current. If T; is considered as a voltage, the
proportional gain K, would have units of V/rad, and the derivative gain K4 would have units
of Vs/rad. While these units lack a clear physical interpretation, the actuator would still exhibit
behaviour like complex spring-damper, reacting proportionally to position and velocity errors.
However, tuning such gains is less intuitive compared to scenarios where an inner torque loop
is present.

Given the control architecture depicted in Figure 5.4 the outer PD control law can be formu-
lated as:

Ty = Kp(@q — 0) + Kg(0q — ) (5.30)
where, Ty, : output of the impedance controller. K}, : proportional gain. Kq : derivative gain.
64 : desired joint position. 6 : actual joint position. 64 : desired joint velocity. 6 : actual joint

velocity.

5.4 Implementation

0,0
v
04 | Inverse
”|  Dynamics
84 Impedance Torque u . A;tu;;or;+ 0.
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0
T (3DP) Torque
Sensor

Figure 5.6: Block diagram of the joint-space impedance controller implemented for the pendulum sys-
tem.

The implemented controller incorporates both the inner torque controller and the outer im-
pedance loop, as previously discussed. In this configuration, the outer feedback loop, with a
feedforward term derived from the rigid body inverse dynamics, generates the torque refer-
ence Tt for the inner torque loop.

Inverse dynamics proves to be valuable in improving robot performance. When a predeter-
mined trajectory is available, the desired accelerations 64 can be computed and introduced
into the inverse dynamics process to derive the necessary feedforward torques 7.
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Given our proven calculation demonstrating that Coriolis forces are zero, we can express the
feedforward torque obtained from the inverse dynamics of the system as follows:

T =M(q)da+B(qg)+g(q) (5.31)

where, 74 : feedforward torque vector. g : joint angles vector. M(q) : joint space inertia matrix.

gq : desired acceleration vector. B : damping coefficient. ¢ is the joint velocity vector. g :
gravity vector.

As indicated in the work by Buchli et al., [66] one notable advantage of using inverse dynamics
is its ability to support compliant and robust locomotion. This advantage arises from the ability
to decrease position gains without compromising tracking performance. This works because
inverse dynamics control uses the robot’s body model to predict the torques needed for certain
movements. If the model is accurate, these predicted torques should help the robot follow the
desired path with minimal position errors. The better the model, the fewer errors in position. A
perfect model would generate torques that perfectly follow the planned trajectory, even without
a feedback position controller [61]. Additionally, it’s worth highlighting that in Equation 5.31,
the control signal from inverse dynamics isn't influenced by position errors. To illustrate, if the
robot encounters an unforeseen obstacle, the inverse dynamics won't change the estimated
torques to maintain the desired position.

These attributes of inverse dynamics control become particularly advantageous with the inclu-
sion of an inner torque loop. Incorporating the predicted torque 74 as a feedforward term, as
illustrated in Figure 5.6 and adding to the feedback torque 7, results the reference torque 7f
necessary for the inner torque loop. It's worth emphasizing that in Equation 5.31, ¢ is a vector,
whereas in this context, represents one of the components of this vector.

Tref =T+ Tt :Tff+Kp(0d—6)+Kd(ér—é) (5.32)

Hence, in theory, with a precise torque controller and an accurate rigid body model, the robot
should follow the predicted motion, resulting in minimal position errors. Consequently, the
impact of the feedback control action 7y4,, which depends on the position error would also be
small during position tracking. These expectations will be further analysed in the simulation
section.

5.5 Simulation

The simulation involved both MATLAB and Simulink platforms. The interaction control of a
1 DOF pendulum was simulated in MATLAB providing insightful visualizations to illustrate its
functionality. Subsequently, for a more in-depth analysis of the control system and system
dynamics, the system was implemented in Simulink. Initially, the simulation aimed to access
and validate the derived plant dynamics. It’s worth noting that, for simplicity, concepts like the
controller and transfer functions were introduced in continuous time.

5.5.1 Plant dynamics simulation

The previously obtained equation of motion for the pendulum,

. T—-m-g leomsin(@) — Bg
g = 8 com 1 (5.33)
mlom + 1’

Can be simulated using the measured and calculated system variables outlined in Table 5.2.

This EOM is then used to simulate the pendulum system in MATLAB and Simulink. To access
and verify the system dynamics in both simulations, the pendulum is released from an initial
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Variable | Variable name Varibale value | Units
m total mass of the system 0.0730 kg
B Damping coefficient of the system 0.01 Nmsrad !
lcom distance to the CoM from rotation point 0.128 m
r Inertia of the system around rotation point | 0.0015 kgm™3

Table 5.2: Parameters of the system for the EOM

angle of 7 rad with zero input torque. The ensuing response is visually simulated using MAT-
LAB, and the angle is plotted against time for detailed analysis. The implementation code for
this MATLAB simulation is provided in the Appendix C.

0

Input Torque

>
—»

—

q ‘ q_ddot
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Figure 5.7: Simulink model to verify pendulum dynamics.

The Simulink block diagram for the zero input torque scenario is depicted in Figure 5.7. Fig-
ure 5.8 illustrates the system’s behavior as it begins with an initial angle of 7 rad , falling under
the influence of gravity and oscillating for several seconds until reaching stability. This ob-
servation signifies that the implementation of plant dynamics yields the anticipated behavior,
showcasing the expected characteristics of the pendulum system.

Angle (rad)

Time (seconds)

Figure 5.8: Zero torque input response with initial angle 7 rad.

5.5.2 Impedance control simulation

Following the derivation and validation of the pendulum system dynamics, the subsequent
phase involves simulating the control algorithm using MATLAB and Simulink. This simula-
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tion unfolds in two distinct phases: initially, without any interaction, followed by a simulation
incorporating interaction dynamics. The goal of the simulation is to is to regulate the interac-
tion forces and motions between the robotic system and its environment, ensuring stable and
predictable behaviour during interactions.

Initially, an ideal impedance control simulation of a 1 DOF pendulum system was conducted
in MATLAB using the same control architecture, showcasing how the system responds under
the various interaction forces. Using the block diagram presented in Figure 5.6, the control
architecture was implemented in Simulink for further analysis.

Figure 5.9 depicts the Simulink implementation of the interaction control architecture for the
pendulum system.

q_m

9 qdot_m tau._ff

qddot P g_ddot

Inverse Dynamics

torque 1 fdot/m 1
Accelertion = = C]
K 5 o m

qdot —
torque controller

q q

i —»{ qdot_m B
Trajectory =
> q_dot faukh 10 Pendulam System
—®»{q_dot m z
Impedance controller am Sensor om
qdot_m

q_d

Figure 5.9: Simulink model of the control system.

The control system is tuned using a step response. In the process of tuning a cascade control
system, such as a torque-based impedance control, the most common way is to initially fine-
tune the inner-loop gains to maximize the bandwidth, followed by outer-loop gain tuning [67].
This iterative tuning process was executed through the trial and error method. Generally, ex-
panding the bandwidth of the inner loop proves advantageous, facilitating a broader range of
frequencies for real impedance to follow the desired trajectory. However, this comes with a
trade-off, as it reduces the stability range for overall system impedance parameters [68]. In
other words, as the inner loop becomes more responsive to rapid changes and high frequency
components, the system becomes more responsive to disturbances and uncertainties that may
existin the environment or within the system itself. This increased sensitivity to high frequency
dynamics can lead to a compromise in the overall stability of the impedance control system.

A strategy called velocity compensation is proposed to overcome this limitation and maximize
the torque bandwidth [69]. This strategy shows that by keeping the torque controller gains
constant, the bandwidth can be increased only by using velocity compensation.

In the implementation of the control system, a systematic tuning approach was followed to
optimize the performance of the cascade control architecture. The inner torque control loop,
responsible for generating the desired torque response, was initially tuned. Following this, an
iterative process was employed to determine the outer impedance loop gains, resulting in pro-
portional (P) and derivative (D) values of K, = 45 and Ky = 1.1, respectively. The tuning process
involved iterative adjustments to both the torque and impedance control loops, with stability
analysis. With these controller gains, the system exhibits good transient behaviour, achieving
a settling time of approximately #; = 0.2 sec, characterized by no overshoot and no undershoot.
Furthermore, the steady-state error is reduced to zero at t = 0.7 sec, see Figure 5.10.

Pasan Ottachchige University of Twente



CHAPTER 5. IMPEDANCE CONTROL 55

T
= Actual Position
[ Desired Postion

| I I | I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
oftsat=0 Time (seconds)

Figure 5.10: Step response for 0 = 90° set point.

The performance of the system, characterized by the specified gains, was further verified using
various set points, as illustrated in Figure 5.11.
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(a) Step response for § = 7 rad set point. (b) Step response for 6 = 7 rad set point.

Figure 5.11: Step responses forf) =  rad and 6 = %” rad set points.

To evaluate the performance of the torque controller and inverse dynamics model, a sinusoidal
input with a frequency of 2Hz and an amplitude of 7 was used as the desired trajectory. As
previously mentioned, an accurate model should generate torques capable of tracking the spe-

cified trajectory with minimal position errors. A more accurate model correlates with smaller
deviations from the desired positions.
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Figure 5.12: Simulation result with torque tracking.

Figure 5.12 demonstrates the close alignment between the feedforward torque, generated by
the inverse dynamic model, and the reference torque. Additionally, it is evident that the feed-
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back torque, derived from position error, remains low as anticipated. This observation high-
lights the accuracy of both the rigid body model and the torque controller.

In Figure 5.13, the desired and actual angles of the pendulum system are presented for the same
sinusoidal input. This illustrates that the actual angle of the pendulum system closely follows
the predefined trajectory, This shows that the developed control system is achieving accurate
tracking or trajectory following under ideal circumstances (i.e. no noise, linear sensor).

qm qd

[—Actual Position

08 oy e Desired Postion |-

0.6
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-0.8
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Figure 5.13: Simulation results with actual position and desired position.

5.5.3 Interaction force control

An external impulse was introduced to the system during a steady-state condition to assess
the impact of external forces and observe the functionality of the interaction control in static
interaction scenarios. The impulse was initiated one second after the system started, and it
persisted for one second. Notably, the introduction of the impulse led to a deviation in the pen-
dulum angle, maintaining a displacement from the desired angle until the external disturbance
was removed. Subsequently, the pendulum smoothly returned to the desired angle without os-
cillations, demonstrating an anticipated and controlled response as shown in Figure 5.14. The
disturbance signal is also shown in Figure 5.15.
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(a) Actual position vs desired position of the system. (b) Corresponding torque controller output.

Figure 5.14: Static interaction control with K, =45 and Kq =1.1.

To explore the dynamic interaction control, a sinusoidal input with a frequency of 2Hz and
an amplitude of 7 was used as the desired trajectory. A disturbance or an interaction was in-
troduced to the system every 5 seconds with a pulse width of 1 second and with a delay of 2
seconds. It is worth mentioning that, in this dynamic interaction scenario, the disturbance
was applied in the opposite direction compared to the static interaction case. This decision
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Figure 5.15: Disturbance signal for static interaction control.

was made to assess the system’s response under varying conditions, specifically to investigate
whether changing the direction of the external force results in a corresponding response.
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(a) Actual position vs desired position of the system. (b) Corresponding torque controller output.

Figure 5.16: Dynamic interaction control with K, =45 and Kq =1.1.

-20

Amplitude

-30

40 -

-50

Time (seconds)

Figure 5.17: Disturbance signal for dynamic interaction control

The resulting trajectory of the pendulum system which is shown in the Figure 5.16 reveals the
impact of interactions or disturbances, showcasing a distinct shift in the actual angle com-
pared to the predefined trajectory. It can be seen that the actual angle lags behind the desired
angle during the presence of interaction forces. However, upon the removal of these forces, the
system closely aligns itself with the desired trajectory. Furthermore, Introducing disturbance
in the opposite direction moved the system in the opposite direction compared to the static
scenario as expected. The disturbance signal is also shown in Figure 5.17.
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5.5.4 Impedance parameter investigation

The stiffness and damping coefficient values in impedance control are important parameters
that influence the behaviour and performance of the control system. Stiffness determines how
rigidly the system resists deformation or displacement when interacting with an external force
or disturbance. Damping controls the rate at which the system dissipates energy and influences
the system’s ability to handle external disturbances smoothly without excessive oscillations.
Achieving the right balance between stiffness and damping is crucial for effective impedance
control. The optimal values depend on the specific application, the nature of interactions,
and the desired system behavior. Different applications may require different combinations
of stiffness and damping based on safety, precision, and performance requirements.

To investigate the impact of stiffness and damping coefficient values on interaction control,
an analysis was conducted by varying these coefficients at two levels each. Specifically, for the
stiffness coefficient, two levels (-1 and +1) were considered, corresponding to the previously
tuned value of 45 and a higher value of 70. Similarly, the damping coefficient was varied at two
levels, —1 and +1, representing the previously tuned damping value of 1.1 and a new value of
10. The selection of these new values resulted from several simulations, ensuring a good step
response. For clarity, the parameter variations are summarised in the table.

Coefficient Level
-1 (lower) | +1 (higer)
Stiffness coefficient 45 70
Damping coefficient 1.1 10

Table 5.3: Coefficient value levels.

The simulations included both static and dynamic scenarios, with results being analyzed sep-
arately. Each scenario comprised four simulations. A detailed simulation plan is summarized
in the table for enhanced clarity, with distinct names assigned to each sub-scenario to facilitate
understanding and analysis.

Scenario Stiffness coefficientlevel Damping coefficient level

A -1 -1
Static B +1 -1
Interaction C -1 +1
D +1 +1
E -1 -1
Dynamic F +1 -1
Interaction G -1 +1
H +1 +1

Table 5.4: Simulation plan with different coefficient values for static and dynamic interaction.

Static interaction

In the first scenario (Scenario A), both the damping coefficient and stiffness coefficient were
maintained at the lower level (Kq = 1.1, K, = 45, respectively). In the second scenario (Scenario
B), the stiffness coefficient was increased to the higher level (K;, = 70) to explore its influence on
the overall system dynamics, while maintaining the damping coefficient at the same level as in
Scenario A. Moving to the third scenario (Scenario C), the damping coefficient was increased
to the upper level (Kq = 10), while keeping the stiffness coefficient at the lower level (K, =
45). In the fourth scenario (Scenario D), both the damping coefficient and stiffness coefficient
were increased to higher values (Kq = 10, K, = 75, respectively) to investigate their combined
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impact on the overall system dynamics during the interaction. It is noteworthy that, in all these
scenarios, the amplitude of the interaction force remained constant.
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Figure 5.18: Static interaction control scenarios for different damping and stiffness coefficients.

Analysis of the obtained results reveals that the implemented control architecture effectively
handles interaction forces, ensuring both safety and stability in the system’s response. Further-
more, the observed system behavior shows a significant influence from the chosen impedance
parameters.

Dynamic interaction control

To investigate the influence of stiffness and damping on dynamic interaction control, a similar
procedure was applied to Scenarios E, F G, and H, mirroring the approach used for the static
scenarios. Scenario E involved lower damping and stiffness coefficients, Scenario F featured
higher stiffness while maintaining lower damping, Scenario G had higher damping while keep-
ing stiffness lower, and Scenario H included both coefficients at higher levels. Importantly, the
interaction force remained consistent across all scenarios.

For interaction simulation, a pulse generator was utilized with a 3-second delay, repeating
every 5 seconds, and a pulse length of 1 second. The figure illustrates the system response
(actual angle) of the pendulum plotted against the desired angle for each scenario.

As depicted in Figure 5.18 and Figure 5.19 the system demonstrates similar responses in both
static and dynamic scenarios when subjected to interactions, specifically when maintaining
same damping and stiffness coefficients.

In Scenario A and E, characterized by lower damping and lower stiffness, as shown in Fig-
ure 5.18a and Figure 5.19a, can be seen as a more flexible system that is more responsive to
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Figure 5.19: Dynamic interaction control scenarios for different damping and stiffness coefficients.

external force and displays faster reactions to disturbances. The system demonstrates a rapid
response when interaction occurs suggesting that the lower stiffness allows for greater move-
ment and the lower damping permits quicker adjustments, potentially resulting in a less con-
trolled trajectory.

Moving to Scenario B and E where higher stiffness is combined with lower damping, In Fig-
ure 5.18b and Figure 5.19b it can be seen as a more rigid, (less flexible) system than scenario
A and H. The higher stiffness reduces deformation caused by interaction forces, resulting in a
more stable and controlled trajectory, also with the potential for a faster response.

In Scenario C and G, featuring higher damping and lower stiffness, shown in Figure 5.18c and
Figure 5.19c, we can see that the system exhibits smoother responses to external disturbances.
The higher damping coefficient provides a more gradual adjustment not only when the interac-
tion force has occurred but also when it is removed. This smoother response, however, comes
with a slight trade-off in settling time. Higher damping is preferred in scenarios prioritizing
safety, as it results in less reactive force on the environment.

Finally, in Scenario D and H, with both higher damping and higher stiffness, as illustrated in
Figure 5.18d and Figure 5.19d, we can see the system combines the benefits of increased ri-
gidity and smoother responses. The higher stiffness provides a more rigid response, while the
increased damping ensures controlled adjustments, resulting in a more balanced response to
interaction forces.

Overall, these simulations offer insights into how variations in damping and stiffness coeffi-
cients influence the dynamic behaviour of the torque-based impedance control system during
interaction scenarios. Selecting the optimal values for the damping and stiffness coefficients in
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an interaction control system involves a trade-off between various factors such as system dy-
namics, safety requirements, and task specifications. For our 1 DOF pendulum, characterized
by its less rigid and more flexible nature, the findings suggest that higher stiffness becomes ad-
vantageous for resisting large deformations. Furthermore, considering the importance of safe
interactions, a higher damping coefficient is also preferred. These decisions hold significant
importance as they lay the foundation for the development and tuning of the control system
intended for use in our demonstration setup with the 3D printed torque sensor. It is essential
to note that the simulated control architecture assumed an ideal torque sensor, a condition not
reflective of the real setup. The primary rationale behind using an ideal sensor was to assess
the performance and functionality of the control architecture development.

5.6 Stability Analysis

For stability analysis, working in the Laplace domain using transfer functions is a common and
convenient approach. However, our system’s dynamics are inherently nonlinear, falling into
the category of a non-linear time invariant (NTI) system. Such systems, like our pendulum,
cannot be fully expressed in the Laplace domain. The Laplace transform is used to convert NTI
systems into LTI at specific initial conditions.

In the case of our pendulum, linearization is essential to transform its NTI nature into a more
manageable LTI form. This involves approximating the non-linear response of the pendulum,
which is a sinusoidal function of its angle 8, through a linearized version. Specifically, we apply
the small angle approximation by considering sin@ = 6. From Figure 5.20 we can see there is a
stable equilibrium at a vertically downward position and it repeats after every 2z rad . The lin-
earization process centres around the vertically downward equilibrium position and assumes
that the system remains in a small neighbourhood around this equilibrium.

Figure 5.20: Phase portrait of the pendulum system

The linearization is done manually and using the Simulink model linearizer around the equilib-
rium. Both methods yield the same 2nd order system transfer function in the Laplace domain.
The manual calculation is given below.

Let’s find the linearized transfer function around the equilibrium point in the Laplace domain
using the continuous time transfer function of the plant in the time domain,

T=(ml2,  +1)§+m-g-leomsin(q) + Bg (5.34)

Assume (mlgOm +I"Y=Mand m- g-lcom = K (K and M are constants).

Then,
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7=M{+Ksin(q) + Bg (5.35)

Let’s assume x; = g and x2 = g Then, x; = g = x and X» = §

Using the state-space matrices,

X=Ax+Bu
(5.36)
y=Cx+Du
Where:
. [x X
X = K = |1 _ Bx, _Ksin(x) |’ u:[T], y:[q]
2 5~ 3 n
The state-space matrices A, B, C, and D are given by:
0 1 0
M M i

C=[1 0], D=]0]

Now using the state-space matrices A, B, C, and D we can derive the open loop transfer function
T (s) of the plant as below,

G(s)=C(sI-A)~'B+D (5.37)
G(s) = _ (5.38)
VT MsZ+Bs+K :

Substituting parameter values defined in Table 5.2 we can find the linearized transfer function
T (s) of the system around equilibrium point (0,0) as below,

120.2
s2+1.2025+9.058

(5.39)

G(s) =
The transfer function derived from the Simulink linearization yielded the same formulation.
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Figure 5.21: Bode plot of linearized system
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In exploring the closed-loop behavior, an insightful analysis involves examining the frequency
response of the open-loop system. For instance, identifying frequencies where the open-loop
system produces a gain of 0dB and a phase of —180° is important, as these conditions may
lead to undamped oscillations in the closed-loop system. A careful inspection of the Bode plot
ensures that the phase isn't —180° for frequencies corresponding to a magnitude of 0 dB. This
observation assures that the closed-loop system avoids undamped oscillations.

To assess closed-loop stability, another effective approach involves examining the Bode plot
under the condition that the open-loop system G(s) is both minimum-phase and stable. A
minimum-phase system is a system where all the zeros (roots of the numerator polynomial)
are located inside the left-half plane of the complex plane, and all the poles (roots of the de-
nominator polynomial) are also in the left-half plane. A stable system is a system where all the
poles are located in the left-half plane.
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Figure 5.22: Pole-zero map of the open loop system

In our case, as shown in the pole-zero map in Figure 5.22, the presence of complex conjugate
poles with real parts equal to —0.6010 confirms the stability of the system. The absence of zeros,
coupled with all poles possessing negative real parts, establishes the system as a minimum-
phase configuration. Therefore we can determine closed-loop stability from the bode plot,
observing that the phase remains below —180° at frequencies corresponding to a magnitude of
0dB. Therefore we can conclude that the closed-loop system is stable around the equilibrium
point. This can be further seen from the step response of the closed-loop system.
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Figure 5.23: Step response of the closed-loop system
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5.7 Conclusion

In this chapter, a comprehensive exploration of the implementation and simulation of torque-
based impedance control for a 1 DOF pendulum system was presented. Through simulations
conducted in MATLAB and Simulink, we verified the effectiveness of the control architecture
in regulating the pendulum’s behavior during static and dynamic interactions.

The initial phase of the simulation focused on validating the plant dynamics derived from the
system’s equations of motion. The pendulum system’s behavior was simulated in MATLAB,
showcasing the expected characteristics when released from an initial angle. The Simulink
model further confirmed the accurate representation of the pendulum’s dynamics, aligning
with theoretical expectations. Subsequently, the torque-based impedance control architecture
was implemented and analyzed in both MATLAB and Simulink. The cascade control structure,
consisting of an inner torque loop and an outer impedance loop, was detailed. The simula-
tion results demonstrated the effectiveness of the control architecture in achieving accurate
trajectory tracking and stable behavior.

Furthermore, an investigation into the influence of stiffness and damping coefficients on the
system’s performance was conducted. The analysis considered various scenarios with different
combinations of these coefficients in both static and dynamic interaction setups. The results
highlighted the trade-offs involved in selecting optimal values for stiffness and damping, em-
phasizing the need for a balanced approach based on safety, task requirements, and system
dynamics.

Overall, the developed torque-based impedance control system demonstrated promising cap-
abilities in regulating interaction torques and ensuring stable behavior in the simulated 1 DOF
pendulum system. The insights gained from these simulations laid the groundwork for the im-
plementation of a demonstration setup to explore the potential of interaction control with 3d
printed torque sensors in an impedance control framework.
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6 Demonstration Setup

6.1 Introduction

This chapter is dedicated to establishing the demonstration setup and investigating the prac-
tical application of the implemented control algorithm. It will provide a comprehensive over-
view of the demonstration setup, offering insights into the specific configuration and detailing
each piece of equipment used. Experiments have been conducted to analyze the system’s be-
haviour in both static and dynamic interaction control scenarios. Subsequent sections focus
on the thorough analysis and post-processing of the gathered data during these experiments.
The experimental results are then presented, with a comparative discussion against the simu-
lation results. The objective is to validate sensor performance and assess the potential of the
3D printed torque sensor in interaction control scenarios.

6.2 Setup and components

This phase involves the establishment of the demonstration setup, where the developed con-
trol strategy is applied in a real-world context using the 3D printed torque sensor, aiming to
explore the potential of interaction control in real-world scenarios. This phase unfolds within
the boundaries in the NIFTy laboratory environment. The fundamental components used in
the setup are:

1. Sensor integrated pendulum system.
2. Mechaduino [70].

3. Power supply unit 1Vto 30V.

4. Load cell amplifier - HX711 [71].

5. Wheatstone bridge circuit.

6. A PC with the required software:

¢ Arduino.
e MATLAB.

6.2.1 Sensor integrated pendulum system

The fabrication process of the sensor integrated pendulum system is already explained in
Chapter 3. The below illustrates the successfully 3D printed sensor integrated pendulum sys-
tem used in the demonstration setup.

6.2.2 Mechaduino

Mechaduino, an affordable servo system focused on NEMA17 stepper motors, stands out as an
open-source solution that serves to a spectrum of control modes, including position, torque,
velocity, and custom configurations [70]. Developed by Tropical Labs, this self-contained mo-
tion control platform operates on the Arduino Zero architecture, providing compatibility with
Arduino programming. Mechaduino is equipped with the SAMD21G18A microcontroller that
facilitates precise control of a stepper motor. It incorporates an encoder AS5047D, which is
used for closed-loop control by providing accurate feedback on the motor’s position. The in-
tegration of the printed circuit board (PCB) directly onto the rear of the stepper motor, as illus-
trated in the Figure 6.2, enables a connection for direct encoder readouts.
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Figure 6.1: The sensor integrated 1 DOF pendulum system.

Within this application, the focus was on using torque control mode, where the user directs the
output torque or sets the torque setpoint for the motor. Returning to the dynamics description
of the pendulum system, the calculated setpoint torque was derived from the desired position

of the pendulum. This torque value is then converted to the input signal « for the motor, where
u is expressed as an 8 bit value, ranging from 0 to 255

©90600008
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Figure 6.2: Mechaduino 0.2 [72].

Pasan Ottachchige University of Twente



CHAPTER 6. DEMONSTRATION SETUP 67

6.2.3 Load cell amplifier - HX711

During the sensor characterization, it was observed that the strain gauges exhibited minimal
changes in resistance, in response to low torque inputs. This indicates the need of amplification
of the sensor response to accurately capture sensor response for small torque variations. Ad-
dressing this need, the Load Cell Amplifier emerges as a compact breakout board designed for
the HX711 integrated circuit (IC), facilitating the reading and amplification of sensor responses
within a Wheatstone bridge configuration. Through integration with the Mechaduino, this
amplifier is capable of capturing and amplifying the changes in the resistance of strain gauges
of the pendulum system. This is possible because the HX711 serves as an analog-to-digital con-
verter (ADC) and signal amplifier. The guidance provided in Sparkfun’s hookup guide ensured
the effective connection of the amplifier within the pendulum system [71].

L]
VUCC
DAT
CLK
GND

.Load Cell Amp

-
-
-
-
i
=
el
-

Figure 6.3: Load cell amplifier - HX711

6.2.4 Wheatstone Bridge circuit

To measure resistance changes caused by external forces or torques on strain gauges, the
Wheatstone bridge configuration is used. The Wheatstone bridge is commonly used for the
precise measurement of small changes in resistance, particularly in applications such as strain
gauge sensors. This bridge arrangement becomes particularly useful when dealing with the dy-
namic changes in the electrical resistance of the strain gauges. The typical Wheatstone bridge,
depicted below in Figure 6.4, is comprised of four resistive arms, and an excitation voltage, Ve,
is applied across the bridge [73].

Vo, the output voltage of the bridge, can be expressed as:

R3 Ry

Vo= -
R3+Ry Ri1+R

- VEx (6.1)

This equation reveals that when the ratio of R; to R, equals the ratio of R4 to Rs, the output
voltage Vj becomes zero, indicating a balanced state for the bridge. In this equilibrium condi-
tion, any change in the resistance of any arm of the bridge will lead to a nonzero output voltage.

In considering the Wheatstone bridge configurations for our pendulum system, three common
options were explored. Quarter, half, and full bridges, using one, two, and four strain gauges
respectively. Initially, the plan was to use the full bridge configuration for our pendulum system
which is equipped with four strain gauges, as it offers increased sensitivity compared to the half
and quarter bridge configurations.

However, a decision was later made to transition to the half-bridge configuration, incorporat-
ing two potentiometers. The primary motivation for transitioning to the half-bridge configura-
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B

(a) Wheatstone full bridge configuration. (b) Implemented Wheatstone full bridge circuit.

Figure 6.5: Wheatstone Full bridge.

tion stemmed from the requirement in the Wheatstone bridge circuits that assumes an initially
balanced bridge, resulting in zero output when no strain is applied. This is important for our
control system, ensuring that the bridge voltage matches zero when no torque is applied. How-
ever, in practical scenarios, challenges arise due to resistance tolerances leading to some initial
offset voltage.

Handling this initial offset voltage can be achieved through two approaches. The first involves
the use of a special offset-nulling or balancing circuit to adjust the bridge’s resistance, rebalan-
cing it to zero output. The second approach entails measuring the initial unstrained output of
the circuit and compensating for it in software. With the full bridge configuration, the former
is not feasible as the resistance of the strain bridge cannot be altered. Furthermore, the latter
approach appears challenging with the integration of the amplifier.

Therefore, the half-bridge configuration was chosen for its practical advantages, enabling us to
balance the bridge using potentiometers. This choice was made for the sake of simplicity over
the full bridge configuration.

6.2.5 PC with the required software

The control and monitoring of the demonstration setup are facilitated by a computer equipped
with essential software.
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(a) Wheatstone half bridge configuration. (b) Implemented Wheatstone half bridge circuit.

Figure 6.6: Wheatstone half bridge.

Arduino: The Arduino programming environment facilitates the programming of the AVR chip
on the Mechaduino, enabling the implementation of the control algorithm. The Mechaduino,
equipped with a microcontroller based on the Arduino Zero architecture, interprets and ex-
ecutes control signals. These signals command the servo motor to execute torque commands,
using the developed control algorithm. The Arduino uses the HX711 Arduino library to read the
Wheatstone bridge sensor outputs. The library ensures the measurement and amplification of
the sensor responses, which are important for the control system.

MATLAB: MATLAB is used for data acquisition, analysis, and visualisation, providing a com-
prehensive understanding of the system’s behaviour based on experimental results. Also used
to compare real world data with simulation results, facilitating an assessment of the control
algorithm’s performance.

Figure 6.7 shows a simple diagram of the setup.

Mechaduino

Wheatstone bridge

_ | - .._ ]
I !L_, Power

Ly, —

-.r"u i 'Supplv
-31 h

1
gt il
Nl

e

MATLAB and Arduino —
software

Figure 6.7: Diagram of the demonstration setup.
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6.2.6 Visual Representation of the Demonstration Setup

l ‘ -

N Sc— | T~ \\
D,__ c ==
A

7

Figure 6.8: Overview of the demonstration setup (A: Sensor integrated pendulum, B: Mechaduino, C:
Amplifier, D: Wheatstone bridge, E: PC with software, F: power cable).

The illustrated Figure 6.8 provides a visual representation of the implemented setup. In this
configuration, the pendulum is firmly attached to the shaft of the stepper motor, as visible
in the figure. Power is supplied to the amplifier through the microcontroller. The sensor
readouts, obtained from the Wheatstone bridge configuration, are connected to the amplifier.
Subsequently, these readings are recorded in MATLAB, paving the way for in-depth analysis in
subsequent stages.

6.3 Experiments

6.3.1 Mechaduino control architecture

The control algorithm implemented in Arduino follows the architectural principles explained
in Chapter 5, illustrated in Figure 5.4. This algorithm can be categorized by its two primary
functions: impedance control and sensor signal processing.

A first-order low-pass filter typically, represented by the transfer function F(s),

wo
S+ wo

F(s) = (6.2)

where,the cutoff frequency, denoted as wp, has been selected as 5Hz, by analysing the fre-
quency spectrum of the sensor responses as shown in Figure 6.9.

While the transfer function derived from this cutoff frequency is suited for continuous-time
systems, it is not directly applicable to real-time signal processing on the Mechaduino plat-
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Single-Sided Amplitude Spectrum of S(t)

0.05 r b

f (Hz)

Figure 6.9: Frequency spectrum of the sensor response.

form. To adapt the filter for practical implementation on the Mechaduino, it is necessary to
transform the continuous-time transfer function into its discrete-time equivalent. This is es-
sential because digital implementations of filters operate in discrete time. Although real-time
filtering occurs in the time domain, the conversion to a constant coefficient difference equa-
tion is also necessary for effective implementation on the Mechaduino. This implementation
was done in MATLAB and the resultant constant coefficient difference equation obtained was
used in Arduino to filter the sensor response.

y[n] =0.9691y[n—1] +0.01555x[n] +0.0155x[n — 1] (6.3)

where,
y : filtered signal. n : discrete time index x : filter input signal.

This Mechaduino control algorithm is presented in Appendix D for reference.

6.3.2 Sensor Performance Evaluation

The experiments were conducted for both static and dynamic interaction control scenarios.
The initial phase involved assessing the performance of the torque sensor without any external
interactions. Subsequently, interaction dynamics were introduced to the system to investigate
the potential and effectiveness of the 3D printed torque sensor for interaction control.

In the torque sensor performance evaluation experiment, a sinusoidal input with a frequency
of 1Hz and an amplitude of 7 was used as the desired trajectory. The low pass filter obtained
in Equation 6.3 was used to remove the high-frequency noise of the sensor.

A series of experiments was conducted to validate the sensor’s behavior with the character-
istics observed during the characterization phase. To assess the torque sensor’s performance
further, the sensor response was recorded in MATLAB against the reference torque. The find-
ings presented in this section are the result of the analysis of four experiments with the same
sinusoidal input with a frequency of 1 Hz and an amplitude of 7 rad . The results shown below
are based on only four experiments, conveniently named as Experiment 1 to Experiment 4 for
clarity.
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Figure 6.10: Experiment 1 results for sinusoidal input with a frequency of 1 Hz and an amplitude of T

Experiments 1 and 2 yielded positive outcomes, illustrating the pendulum system sticks to the
anticipated behavior within a sinusoidal trajectory featuring an angle close to 7 rad , but with
some vibrations. The experimental data from these experiments were simultaneously captured
in MATLAB and used for further analysis, as demonstrated below.

Experiment 1 validates that the sensor’s behavior aligns with the observed characteristics dur-
ing the characterization phase. In Figure 6.10a, the raw sensor response voltage is depic-
ted. Figure 6.10b showcases the filtered response, and Figure 6.10c illustrates the relationship
between this filtered voltage and torque over time. The presence of drift and hysteresis beha-
vior is evident in Figure 6.10c. Furthermore, Figure 6.10d presents the torque that is calibrated
using the linear fit derived in the characterisation against the reference torque which is calcu-
lated using inverse dynamics torque and impedance torque, demonstrating that the mapped
torque closely tracks the reference. These visualizations affirm the expected functionality of
our sensor within the control system.

To assess the repeatability of the sensor’s performance, additional experiments were conducted
with the same sinusoidal input(see Figure 6.11. Experiment 2 exhibits behaviour similar to
the previously described Experiment 1, though with a notable increase in drift over time, as
evident in Figure 6.11d. The mapped torque gradually diverges from the reference torque as
time progresses. This may be due to material fatigue or varying temperatures after performing
multiple experiments

The sensor responses obtained from experiments 3 and 4 exhibit distinct behaviours compared
to the initial two experiments. In experiment 3, as shown in Figure 6.12a and in experiment 4 as
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Figure 6.12: Sensor response for the third experiment and fourth experiment

shown in Figure 6.12b, the sensor readings show a drifting trend over time, making the system
uncontrollable. Across these four experiments, it becomes apparent that ensuring a reliable
response from the sensor is challenging. Without a reliable sensor readout, achieving effective
control over the system proves to be challenging.
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6.3.3 Static Interaction Control

Same as in the simulation, an external disturbance was introduced to the system during a
steady-state condition to assess the impact of external forces and observe the functionality of
the interaction control in static interaction scenarios. The introduction of the disturbance led
to a deviation in the pendulum angle, maintaining a displacement from the desired angle until
the external disturbance was removed. Subsequently, the pendulum smoothly returned to the
desired angle without oscillations, demonstrating an anticipated and controlled response as
shown in Simulation Figure 5.14.

To investigate the impact of stiffness and damping coefficient values on interaction control,
the same approach explained in the simulation was also used with the real system. The higher
damping and stiffness coefficients led to a more rigid system and the lower values of lower
damping and lower stiffness, led the system to a more flexible system that is more responsive
to external force and displays faster reactions to disturbances. These results were visually seen
with the experimental results.
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Figure 6.14: Sensor response for static interaction scenario 2.

6.3.4 Dynamic interaction control

To explore the dynamic interaction control, a sinusoidal input with a frequency of 1 Hz and an
amplitude of 7 was used as the desired trajectory. A disturbance or an interaction was intro-
duced to the system a couple of seconds after the actuation.
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The experimental outcomes deviated from the simulated expectations, revealing a distinct sys-
tem behaviour. The observed behaviour of the system has shown that the system follows the
desired trajectory for a couple of seconds and then starts to oscillate and this oscillation in-
creases with time and quickly the system becomes inherently unstable. One possible reason
is that the torque error of the torque control loop might become dominant which makes the
system unstable and oscillate further away from the desired trajectory. This might be because
of the sensor drift.

6.4 Conclusion

In this chapter, the control algorithm developed and simulated in Chapter 5 was implemen-
ted in a Mechaduino to investigate the practical applicability of a 3D printed torque sensor in
real-world interaction control scenarios. The demonstration setup, comprising various com-
ponents such as the sensor-integrated pendulum system, Mechaduino, and supporting elec-
tronics, was detailed. Experiments were conducted not only to verify the sensor’s behavior
observed during characterization but also to assess the 3D printed torque sensor’s capability
for interaction control in static and dynamic scenarios.

The initial experiments, conducted without the introduction of external interaction forces, de-
livered promising results that aligned well with the expected behaviour observed during char-
acterization, the system outcomes demonstrated the successful performance of the implemen-
ted control algorithm in maintaining the desired trajectory.

The interaction control experiments included assessments of both static and dynamic inter-
action control scenarios. However, when external interactions were introduced, the system’s
response exhibited challenges, specifically during the dynamic interaction control. The assess-
ments of static interaction control scenarios showcased the system’s resilience to external dis-
turbances, with the pendulum smoothly returning to the desired angle. Dynamic interaction
control experiments revealed challenges related to sensor response noise and drift, impacting
repeatability and complicating torque control. The dynamic interaction control experiments
demonstrated that the system initially (for a couple of seconds) follows the desired trajectory
but experiences oscillations and vibrations over time potentially might be due to the influence
of sensor drift and hysteresis.

Initially, the system encountered challenges related to unstable contacts during its movement.
However, the improvements in design successfully addressed these issues. As a result, the im-
pact of unstable contacts on the system has been significantly minimized. It appears that the
observed drift and hysteric behaviour in the system, particularly under dynamic conditions,
can be attributed to factors other than the previously problematic unstable contacts. This em-
phasizes the need to address sensor imperfections like hysteresis and drift.
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7 Conclusion and Recommendations

7.1 Conclusion

An investigation into a potential control approach for interaction control using a 3D printed
sensor is detailed in this work. The primary research question was addressed through the ex-
ploration of the following sub-questions.

How can an interaction control strategy be developed for achieving stable, safe operation
with a 3D printed torque sensor?

1. What are the existing interaction control strategies applicable to robotic systems in achieving
stable and safe operation?

A comprehensive review of the literature reveals various interaction control strategies. Passive
compliance control relies on mechanical devices such as springs and damping mechanisms to
limit interaction forces, providing robust control but with limitations in responsiveness. Act-
ive compliance control integrates force feedback into the system, allowing the robot to act-
ively respond to external forces and maintain precise position control effectively. Each strategy
has its advantages and limitations, making them suitable for different applications and scen-
arios. Direct force control explicitly commands specific forces at the end-effector, valuable for
tasks requiring precise force application, while indirect force control, represented by imped-
ance control, establishes a dynamic relationship between end-effector motion and interaction
forces, offering flexibility and adaptability. Impedance control is one of the most used interac-
tion control strategies to achieve stable and safe operation within robotic systems.

2. Are there specific methods that have been successfully applied with 3D printed torque
sensors?, What is the most suitable interaction control method to use with a 3D printed torque
sensor?

The literature review indicates a gap in evidence regarding interaction control strategies spe-
cifically tailored for 3D printed torque sensors. Although the search scope does not reveal such
strategies in existing literature, insights from related studies on force/torque-based impedance
control and position-based impedance control provide a foundation for exploring the potential
of 3D printed torque sensors.

The literature review suggests that the most suitable interaction control method for a system
involving a 3D printed torque sensor could be torque-based impedance control. This is a cas-
cade control system which has an inner torque loop with the use of a torque sensor and an
outer impedance loop. This method is well-suited for tasks where the robot needs to interact
with the environment or humans, emphasizing force sensing and compliance. Torque-based
impedance control is adaptable to uncertain or dynamic environments, making it a good fit for
applications involving torque sensors.

3. What performance metrics should be considered during simulations to evaluate stability
and safety?

The impedance gains are important parameters in torque-based impedance control as they
significantly influence how the system responds to external forces. These gains determine the
stiffness and damping characteristics of the system, playing a role in shaping its behaviour.
Higher stiffness provides more resistance to deformations induced by external forces, while
damping affects how quickly the system dissipates energy. Tuning these gains is an import-
ant aspect of optimizing the control strategy. By systematically varying the impedance gains
during simulations, observed the impact on the system’s responsiveness, stability, and overall
performance. Analyzing the system’s reaction to different impedance gains provided valuable
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insights into finding an optimal balance that ensures both stable and compliant behaviour in
response to external interactions.

4. How can the chosen interaction control method be practically implemented in a real setup
using 3D printed torque sensor?

The practical implementation of the chosen interaction control method involves integrating
the 3D printed torque sensor into the real setup. A 1 DOF single pendulum system with an
integrated torque sensor was selected as the mechanical system. The control algorithm of the
torque-based impedance control system was developed in Simulink, and translated into ex-
ecutable code and loaded onto a Mechaduino. The control architecture comprises a cascade
system with an inner torque loop utilizing feedback from the 3D printed torque sensor and an
outer impedance loop regulating system compliance. A Wheatstone bridge configuration was
used to read the torque measurements from the sensor.

In conclusion, the torque-based impedance control algorithm, designed to explore the capabil-
ities of a 3D-printed torque sensor for interaction control, demonstrated promising outcomes
when the sensor was assumed to be ideal. However, the transition to a real setup revealed
results that did not align with expectations. The presence of a non-ideal sensor introduced
complexities that demand careful consideration for achieving stable and safe operation.

A notable difference was seen when comparing results from characterizations, where the
sensor exhibited a closely linear response, to those from the demonstration setup, where non-
linearity became more apparent. Consequently, it is apparent that the sensor representation
linear fit derived from characterizations cannot always ensure stable operations in the demon-
stration setup.Furthermore, during the experiments, efforts were made to improve the sensor
response by applying filters to remove high-frequency noise. However, it became evident that
this measure alone was insufficient to achieve stable operation.

7.2 Discussion and Recommendation

This study aimed to investigate the applicability of 3D printed torque sensors in control-
focused applications through an exploration of interaction control techniques. The thesis dis-
cussed various interaction control strategies and simulated the most fitting control approach
for interaction control using 3D printed sensors. Finally, this strategy was implemented in a
tangible demonstration setup using the developed torque sensor.

In the initial phase, modifications were made to the initial sensor design to address stability
concerns in the electrical connection between the sensor and wires. The characterization pro-
cess revealed key sensor characteristics like non-linearity, hysteresis, drift and repeatability. A
linear fit was derived from the sensor response to represent sensor behaviour. A 1-DOF pen-
dulum system with integrated sensors was used for practical implementation, exploring both
dynamic and static interaction controls to validate the proposed strategy’s effectiveness.

As mentioned before, the simulation of the torque-based impedance controller has demon-
strated promising results but under the assumption of an ideal torque source. However, the
real-world torque sensor introduces non-linearities, primarily due to drift, creep, and hyster-
esis. Addressing and compensating for these non-linear behaviours in the sensor response
would significantly improve the usability of the torque sensor in the control system. There-
fore, future work should focus on developing robust strategies to effectively compensate for
nonlinearities, ensuring the reliable integration of the torque sensor into the control system.
Possible avenues for future work could also include implementing advanced signal processing
techniques to filter out sensor noise, exploring calibration methods to reduce drift, and in-
vestigating hysteresis compensation algorithms. By focusing on these aspects, the goal is to
improve the accuracy and reliability of the control system, making it more robust in practical
applications.
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Moreover, it is evident that the sensor characterization yielded better results compared to
those obtained in the experimental control setup. This discrepancy can be attributed to sev-
eral factors. During the characterization phase, data acquisition was executed using a high-
performance Data Acquisition System at a notably higher frequency. In contrast, the exper-
imental setup employed a manually designed half-bridge configuration but at a lower fre-
quency.

Additionally, the conditions under which the sensor was characterized differed from those in
the experimental setup. In the characterization phase, the sensor underwent controlled com-
pression and elongation within a stable environment. The sensor was securely fixed horizont-
ally to a plate, limiting its movement to one degree of freedom (1DOF) with stable connections.
Conversely, in the experimental setup, the sensor was positioned vertically, and the connec-
tions were subject to movement along with the pendulum’s oscillations.

These variations in the experimental conditions undoubtedly contribute to significant differ-
ences in the measurements obtained. Therefore one suggestion, it is advisable to characterize
the sensor’s behaviour while explicitly considering real-world setups, given their potentially
greater impact compared to controlled characterization environments.

Moreover, the simulation relied on an idealized sensor model, overlooking the complexity
present in the actual sensor’s dynamic behaviour. Future research could explore the devel-
opment of a mathematical model that accurately represents the dynamics of the torque sensor.
This would bring the simulation closer to reality, enabling a more reliable representation of the
sensor’s characteristics and behaviour.

In Mechaduino, where computational power is limited, the utilisation of digital filters may
present challenges due to their computational demands. Implementing analog filters, such
as low-pass filters, directly in the bridge configuration can be an efficient alternative.
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A Appendix 1

A.1 RP Manipulator

Figure A.1: A RP manipulator [40, pp. 351]

Let’s examine an example, figure A.1 depicts a robotic arm composed of an RP (revolute-
prismatic) configuration, featuring one revolute joint (q;) and one prismatic joint (g2) rep-
resenting the angle and distance respectively. In this setup, g; signifies the angle of the first
joint concerning the world frame’s x; axis, while g2 > 0, represents the distance from the first
joint to the centre of mass of the second link. The first link has a centre of mass at a distance
r1 from the first joint, with mass m; and inertia ;. Similarly, the second link, has a mass of
my and an inertia of I,. The gravitational force, denoted by ag acts in the —x, direction of the
world frame [40]. Considering the links individually, the kinetic energy of the first link can be
represented as follows:

T1(q,q) = Em1 v°+ Ehan (A.1)

Here, v; denotes the linear velocity of the centre of mass of the link, and w, represents the
angular velocity of the link:

Vi =T11q (A.2)
w1=q1 (A3)
Substituting A.2 and A.3 in A.1 brings:
N 2.2 1.
Th(q,9) = 2m1r1 qi + 211671 (A.4)

The potential energy of the first link is given by:

Vi(q) = myagrisin(q) (A.5)

The kinetic energy of the second link can be described by expression:
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S TN S T
Tz(q,q)—2m2v2 +212w2 (A.6)

With v, denoting the linear velocity of the centre of mass of the link, and w» representing the
angular velocity of the link.

v1 =1/ G2+ (g261)? (A.7)

w2 = (A.8)

Substituting A.7 and A.8 in A.6 results in:

1 . . 1.
T2(q,4) = 5 m (G2* + (g241)%) + Efzqf (A.9)

The potential energy of the second link is given by:

Va(q) = mpagq2sin(qy) (A.10)

The Lagrangian equation for the whole system is given by:

L=T1-Vi+T, -V, (A.11)
1 s s
L= 5 ((Il +L+mrn°+ myo(» )ql +maqo ) agsm(ql)(ml rn+ mZCIg) (A.12)
Using the Euler-Lagrange equations:
u = (I + L+ mir® + mage®) Gi + 2ma ga g G + ageos(qu) (myr + maqs) (A.13)
Uy = mzéfz—mgng'12+agcos(q1)m2 (A.14)
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B Appendix 2

B.1 Sensor Characterisation
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Figure B.1: Individual gauge response for 10 N force at 0.2 Hz sinusoidal excitation.
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Figure B.2: Individual gauge response for 8 N force at 0.2 Hz sinusoidal excitation.
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Figure B.3: Individual gauge response for 8 N force at 1 Hz sinusoidal excitation.
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Figure B.4: Individual gauge response for 6 N force at 0.2 Hz sinusoidal excitation.
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Figure B.5: Individual gauge response for 6 N force at 1 Hz sinusoidal excitation.
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Figure B.6: Individual gauge response for 4 N force at 1 Hz sinusoidal excitation.
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B.1.1 Differential response
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Figure B.7: Differential response for 10 N force with linear fits.
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Figure B.8: Differential response for 8 N force with linear fits.
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Figure B.9: Differential response for 6 N force with linear fits.
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Figure B.10: Differential response for 4 N force with linear fits.

B.1.2 Linear fits comparison
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Figure B.11: Linear fit for 10N input force at 1Hz and 0.2Hz frequencies.
The fit for data set with 10 N force input at 1 Hz is,

y=1.9470x—0.461 (B.1)

The fit for data set with 10 N force input at 0.2 Hz is,

y=2.010x-0.3692 (B.2)

The fit for data set with 8 N force input at 1 Hz is,
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Figure B.12: Linear fit for 8N input force at 1Hz and 0.2Hz frequencies.

y=1.8422x—-0.1488

The fit for data set with 8 N force input at 0.2 Hz is,

y=1.8998-0.1679
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05
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Figure B.13: Linear fit for 6N input force at 1Hz and 0.2Hz frequencies.

The fit for data set with 6 N force input at 1 Hz is,

y=1.7645-0.1095

The fit for data set with 6 N force input at 0.2 Hz is,

y=1.78..—0.0564

The fit for data set with 4 N force input at 1 Hz is,

(B.3)

(B.4)

(B.5)

(B.6)
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Figure B.14: Linear fit for 4N input force at 1Hz and 0.2Hz frequencies.

y=1.6756-0.045 (B.7)

The fit for data set with 4 N force input at 0.2 Hz is,

¥ =1.6950-0.0822 (B.8)
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C Appendix 3

C.1 Mass properties of the CAD model

D Show weld bead mass

Report coordinate values relative to: | Rotation paint ~

Mass properties of Asseml
Configuration: Default
Coordinate system: Rotation point
Mass = 73.477838 grams
Volume = 83882928377 cubic millimeters
Surface area = 35509.114758 square millimeters

Center of mass: { millimeters )

X = 0.000000
¥ = -127.599876
£ =-11442576

Principal axes of inertia and principal moments of inertia: { grams * square millimeters
Taken at the center of mass.

x = ( 0.000000, 0999832, 0.015341) Px = 17463.298554
ly = (-1.000000, 0.000000, 0.000000) Py = 404152564275
[z = ( 0.000000, -0.015341, 0.999882) Pz = 510180.9838664

Moments of inertia: { grams * square millimeters )
Taken at the center of mass and aligned with the output coordinate system. (Using pos

L = 494152564275 L=y = 0.000869 Lxz = -0.010754
Lyx = 0.000869 Lyy = 17579.265158 Lyz = 7558.131286
Lzx = -0.010754 Lzy = 7558.131286 Lzz = 510065.022061

Moments of inertia: { grams * square millimeters )
Taken at the output coordinate system. (Using positive tensor notation.)

b = 1700119.406582 xy = -0.001573 bz = -0.010973
lyx = -0.001573 lyy = 27199.905875 lyz = 114841.014260
lzx = -0.010973 lzy = 114841.014260 lzz = 1706411.223650

Figure C.1: Mass properties of the CAD model of the pendulum system with bolted weights [74].

C.2 Plant simulation - MATLAB

r

% parameters
I = 0.0015;
m = 0.0730 ;
_ext = 0 ;
.01;
.81;
.128;

o O w O

syms a theta(t)
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egqn = T == ((m*x (1"2)+I)=*diff (theta,2)) +mxgxlxsin(theta)+

eqgqn = isolate(egn,diff (theta,?2));

sSyms x
approx = taylor(sin(x),x, 'Order',2);

approx = subs (approx, x,theta(t));

egqnlinear = subs (eqn,sin(theta(t) ), approx);

syms theta_0 theta_t0 omega_0

theta_t = diff (theta);

cond = [theta(0) == theta_0, theta_t (0) == theta_t0];
thetaSol (t) = dsolve(egnLinear, cond);

omega_0Value = sqrt(g/l);
TT = 2+pi/omega_0Value;

theta_0Value
angles.

pi/2; % Solution only valid for small

theta_tO0Value = 0; % Initially at rest.
vars = [omega_0 theta_ 0 theta_t0];
values = [omega_0OValue theta_0OValue theta_tO0Value];

thetaSolPlot = subs (thetaSol,vars,values);

figure

fplot (thetaSolPlot (txTT), [0 8]);

grid on;

title ('Response of the plant to zero input torque');
xlabel ('time (seconds') ;

ylabel ('angle (rad) ") ;

figure

grid on

X_pos = sin(thetaSolPlot);

y_pos —cos (thetaSolPlot);

fanimator (@fplot, x_pos,y_pos, 'ko', "MarkerFaceColor', 'k'","'
AnimationRange', [0 10«TT]);

hold on;

fanimator (@ (t) plot ([0 x_pos(t)], [0 y_pos(t)]l, 'k-","
LineWidth',4), "AnimationRange', [0 10%TT]);

fanimator (@ (t) text (-0.3,0.3,"Timer: "4+num2str(t,2)+" s"),
'"AnimationRange', [0 10%TT]);

playAnimation;
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D Appendix 4

D.1 Controller.cpp

// Contains TC5 Controller definition
//The main control loop is executed by the TC5 timer interrupt:

#include <SPI.h>

#include "State.h"
#include "Utils.h"
#include "Parameters.h"

extern double V; //voltage variable
extern double xyz; //placeholder variable

/! Function to calculate torque using inverse dynamics model
double inverseDynamics (double q, double q_ddot) {

/! Constants and parameters

double I = 0.0015;

double m = 0.0730;

double g 9.81;

double 1 = 0.128;

double torque = m * (1 * 1) + I) » q_.ddot +m = g = 1 = sin(q);

return torque;

}

// Function to convert sensor voltage to torque
double voltagetotorque (double v_read) {
double cal_torque = (v_read-0.60842)/0.3796; // Calibration formula
for torque calculation
//double cal_torque = (v_read);
return cal_torque;

}

void TC5_Handler() { // gets called with FPID frequency
static int print_counter = 0; //this is used by step response

if (TC5->COUNT16.INTFLAG.bit.OVF == 1) { // A counter overflow
caused the interrupt

TEST1_HIGH (); //digitalWrite (3, HIGH); //Fast Write to
Digital 3 for debugging

y = lookup[readEncoder ()]; //read encoder and lookup corrected
angle in calibration lookup table

if ((y - y_1) < -180.0) wrap_count += 1; //Check if we’ve rotated
more than a full revolution (have we "wrapped" around from 359
degrees to 0 or ffrom 0 to 359?)

else if ((y - y_1) > 180.0) wrap_count —= 1;

yw = (y + (360.0 = wrap_count)); //yw is the wrapped angle
(can exceed one revolution)

e = (r — yw);
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ITerm += (pKi * e); //Integral wind up limit
if (ITerm > 150.0) ITerm = 150.0;
else if (ITerm < -150.0) ITerm = -150.0;

DTerm = pLPFa * DTerm — pLPFb * pKd = (yw - yw_1);

/lu = (pKp + e) + ITerm + DIerm;
u = (pKp * e) + DTerm; // Calculate control effort (PD impedance
controller)

y_1 =y; [//copy current value of y to previous value (y_1) for
next control cycle before PA angle added

if (u> 0) // Depending on direction we want to apply torque,
add or subtract a phase angle of PA for max effective torque.
PA should be equal to one full step angle: if the excitation
angle is the same as the current position, we would not move!

{ //You can experiment with "Phase Advance" by increasing PA when operating a
y += PA; //update phase excitation angle
if (u > wMAX) // limit control effort
u = uMAX; //saturation limits max current command
} else {
y —= PA; /! update phase excitation angle
if (u < -uMAX) // limit control effort
u = -uMAX; //saturation limits max current command

}
U = abs(u); //

if (abs(e) < 0.1) ledPin_HIGH (); // turn on LED if error is
less than 0.1
else ledPin_ LOW(); //digitalWrite (ledPin, LOW);

/loutput(-y, round(U)); /! update phase currents
int mappedValue = map(round (u), inputMin, inputMax, outputMin, outputMax)
//SerialUSB. println (mappedValue ) ;

double impedanceTorque = mappedValue * 0.0023888888; //the controller output u is a vlaue be
//this converted to torque using motor constant
double r Rad = r = (PI / 180);

double feedforwrdTorque = inverseDynamics(r_Rad, 0, 0);
//SerialUSB. printin (feedforwrdTorque);

//SerialUSB. print (" | ");
//SerialUSB. print (impedanceTorque);
//SerialUSB. print (" | ");

double referenceTorque = impedanceTorque + feedforwrdTorque;

double feedbackTorque = voltagetotorque(V); //real sensor
reading mapping to torque

//SerialUSB. print ("feedbackTorqueSensor");
//SerialUSB. print (feedbackTorqueSensor,10);  //this seciton for validating the sensor respo
/! SerialUSB.print(" | ");
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}

/1if (e2 > 0.28){

/U2 = 0;

/U2 =m » g + 1 = sin(y+*(PI/180));
/loutput(-y, round(U2));

/1}

//SerialUSB. print (impedanceTorque,10);
//SerialUSB. print (" | ");

SerialUSB. print (feedforwrdTorque,10);
SerialUSB. print("_ |.");

SerialUSB. println (V,10);

e2 = (referenceTorque - feedbackTorque);

/! SerialUSB.print(" | ");

/! SerialUSB. printin (e2);

//SerialUSB. printin (torqueError);

//PI torque controller

ITerm2 += (tKi = e2); //Integral wind up limit

if (ITerm2 > 150.0) ITerm2 = 150.0;

else if (ITerm2 < -150.0) ITerm2 = -150.0;

DTerm2 = DTerm2 - pKd * (feedbackTorque - feedbackTorque_1);

u2 = (tkp * e2) + ITerm2;

feedbackTorque_1 = feedbackTorque; //copy current value of y to
previous value (y_1) for next control cycle before PA angle added

U2 = abs(u2); //
output(-y, round(U2)); // update phase currents
/1 e 3 =e.2; //copy current values to
previous values for next control cycle
/e 2 = e_1; //these past values can be useful for more complex contrgllers/filters.
Uncomment as necessary \
/le_1 = e;
/I u.3 = u_2;
HHu 2 = u_I;
/lu_1 = u;
yw_1l = yw;
/1y 1 =y,
if (print_yw == true) { //for step resonse... still under development
print_counter += 1;
if (print_counter >= 5) { // print position every 5th loop

every time is t

SerialUSB. println (int(yw = 1024)); //+*1024 allows us to print ints instead of floats

print_counter = 0;
t

}
TC5->COUNTI16.INTFLAG. bit .OVF = 1; // writing a one clears the flag ovf f
TEST1_LOW () ; // for testing the control loop timing
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E Appendix 5

E.1 Use of Al in Education

During the preparation of this work the author(s) used ChatGPT 3.5 and Grammarly in order to
improve my academic writing. After using this tool/service, the author(s) reviewed and edited
the content as needed and take(s) full responsibility for the content of the work.”

List of tools

1. ChatGPT 3.5

2. Grammarly
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