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Abstract
Testing wearable exoskeletons and rehabilitation devices directly on human sub-
jects is often expensive, time-consuming, and ethically challenging, especially during
early-stage development when designs and control strategies are frequently updated.
In addition, human trials introduce variability that complicates systematic bench-
marking and controller verification. This thesis presents the design and development
of a robotic phantom knee (RPK) testbed and a real-time Unity-based digital twin
(DT) intended to provide a controlled bench-top platform for evaluating exoskeleton
controllers.
The developed system combines a single-degree-of-freedom knee hinge with antago-
nistic actuation using two Koala BEAR linear actuators coupled through an elastic
linkage to shape the joint’s passive resistance. To emulate tuneable soft-tissue and
interface compliance, the platform integrates inflatable chambers whose stiffness is
adjusted via closed-loop pressure regulation using solenoid valves, a pump and reser-
voir, and pressure sensing. A modular ROS 2 (Jazzy) software stack on a Raspberry
Pi 5 handles hardware communication, pressure control, and safety functions (in-
cluding E-STOP and release-air). A Unity-based DT connects via ROS–TCP to
visualize system state in real time and support interactive parameter tuning and
experiment execution.
Subsystem validation demonstrated stable ROS–TCP streaming, safety handling (E-
STOP and release-air), and closed-loop pressure tracking suitable for bench-top tri-
als. The platform supports systematic controller development and validation before
human testing by enabling controlled experiments under configurable compliance
conditions.

Keywords: exoskeleton, robotic phantom knee, variable stiffness, antagonistic actu-
ation, pneumatics, soft-tissue compliance, ROS 2, digital twin, Unity.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

ABP Amplified Basic Pressure (Honeywell pressure sensor series)
AOT Ahead-of-Time (compilation)
CAD Computer-Aided Design
DC Direct Current
DoF Degree of Freedom
DT Digital Twin
E-STOP Emergency Stop
ESP32 Espressif 32-bit microcontroller family
I2C Inter-Integrated Circuit
IMU Inertial Measurement Unit
JSON JavaScript Object Notation
KB Koala BEAR (secondary actuator)
KBMB Koala BEAR Muscle Build (primary actuator)
LOD Level of Detail
LTS Long-Term Support
NURBS Non-Uniform Rational B-Splines
PID Proportional–Integral–Derivative
PSU Power Supply Unit
PWM Pulse-Width Modulation
ROS Robot Operating System
ROS–TCP ROS over Transmission Control Protocol
ROS 2 Robot Operating System 2 (ROS version used in this work)
RPK Robotic Phantom Knee
SEA Series Elastic Actuator
SDK Software Development Kit
SPI Serial Peripheral Interface
UI User Interface
USB Universal Serial Bus
USB2BEAR Westwood Robotics USB-to-BEAR host interface dongle
VIA Variable Impedance Actuator
VSA Variable Stiffness Actuator
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Parameters

r Effective support radius of the spring mechanism
kt Torsional stiffness of the spring (linearized over operating range)
k Equivalent linear stiffness at radius r

∆ Antagonist band half-width (coordination constraint parameter)
p Pressure (reservoir or chamber, depending on context)
Fmax Approximate maximum end force at the spring radius

Variables

θ Knee joint angle
θ̇ Knee joint angular velocity
τ Knee joint torque (measured or estimated)
θKB,cmd Commanded position of the antagonist actuator (KB)
θKBMB,present Measured/present position of the master actuator (KBMB)
θmin, θmax Lower/upper moving clamp limits for the antagonist command
pres Reservoir pressure
pthigh Thigh chamber pressure
pshin Shin chamber pressure
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1
Introduction

Early-stage evaluation of wearable exoskeleton controllers is difficult to perform
systematically because human testing is constrained in cost, logistics, and safety, and
because subject-to-subject variability makes comparative benchmarking challenging.
These constraints motivate a controlled bench-top platform that can reproduce key
interaction mechanisms under defined conditions while supporting rapid iteration of
mechanical design and control software.
This thesis addresses this need by developing a robotic anatomical phantom limb
testbed, with a focus on the knee joint, intended for bench-top validation of wearable
exoskeleton controllers. The platform is designed to reproduce interaction effects
relevant to human–robot coupling, including non-linear joint impedance and inter-
face compliance at the human–exoskeleton attachment interface. To support rapid
prototyping and analysis, the testbed is paired with a real-time digital twin (DT)
implemented in Unity, connected to the physical system through a Robot Operating
System 2 (ROS 2) middleware architecture.

1.1 Problem formulation
Exoskeleton performance is strongly influenced by the mechanical impedance of
the human limb, which is inherently non-linear and state-dependent due to muscle
activation, co-contraction, passive tissue properties, and soft-tissue deformation.
When an exoskeleton applies assistive torques, part of the mechanical energy can be
absorbed by soft tissues, straps, and interface compliance rather than producing the
intended joint motion. This reduces effective assistance and complicates controller
tuning. A controlled phantom platform that captures key impedance characteristics
can therefore improve controller development by enabling comparative bench-top
experiments and by reducing reliance on early human trials.

1.2 Aim and objectives
Aim: To design and implement a robotic phantom knee testbed and DT capable
of generating configurable non-linear joint stiffness and soft-tissue compliance for
early-stage evaluation of exoskeleton controllers.
Objectives:

• Design and build a mechanical knee joint platform with antagonistic actuation
[1, 2] capable of generating controlled joint torques and motion.
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1. Introduction

• Implement a spring-based variable-stiffness joint mechanism that generates
a non-linear knee torque–angle response inspired by passive musculoskeletal
tissues (e.g., ligament and tendon stiffness behavior).

• Integrate a controllable muscle-mimicking interface-compliance module using
pneumatically regulated inflatable chambers, including pressure sensing and
solenoid valve actuation for adjustable soft-tissue/strap compliance at the ex-
oskeleton attachment interface.

• Develop a ROS 2-based control and data acquisition architecture that supports
typed messaging, safety handling, parameter tuning, and optional inertial sens-
ing for observing limb segment orientation during experiments.

• Create a Unity-based DT that visualizes joint motion, sensor signals, and
system state in real time, enabling debugging and controller prototyping.

• Characterize the platform through experimental subsystem tests and demon-
strate use cases relevant to exoskeleton evaluation.

1.3 Scope and limitations
This work focuses on a single-joint knee mechanism intended for bench-top testing
rather than full-body gait replication. The system is designed to emulate selected
aspects of human biomechanics that are most relevant to wearable joint assistance,
especially non-linear stiffness behavior and soft-tissue compliance at the interface.
Active muscle control and neuromuscular feedback are not reproduced; instead,
the phantom provides a hardware-in-the-loop environment where stiffness and com-
pliance can be tuned under controlled bench-top conditions. The DT is used for
visualization and parameter interaction, not as a high-fidelity finite element model
of tissues.

1.4 Contributions
The main contributions of this thesis are:

• A robotic phantom knee platform with antagonistic actuation and a spring-
based variable stiffness mechanism to generate non-linear joint stiffness.

• A pneumatic soft-tissue compliance subsystem with pressure sensing and con-
trollable actuation to emulate tunable interaction compliance.

• A ROS 2 middleware architecture enabling real-time parameter control, data
logging, and safety features for experimental operation.

• A Unity DT connected via ROS–TCP that visualizes the platform state and
supports interactive experimentation.

1.5 Thesis outline
Chapter 2 reviews related work on robotic anatomical phantoms, variable stiffness
actuation, and soft-tissue interaction in exoskeleton testing.

2



1. Introduction

Chapter 3 describes the methodology used for system design, implementation, and
evaluation.
Chapter 4 presents the hardware and software system design, including the actua-
tion, pneumatics, sensing, and control architecture.
Chapter 5 reports experimental results and characterization of the platform.
Chapter 6 discusses the findings, limitations, and implications for exoskeleton re-
search.
Finally, Chapter 7 summarizes the work and outlines directions for future develop-
ment.

3
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2
Background

This chapter reviews related work on anatomical phantom platforms for exoskele-
ton evaluation and summarizes concepts used throughout the thesis: biomechanical
impedance, variable stiffness and antagonistic actuation, and interface compliance.
It also introduces the role of digital twins and ROS-based software architectures for
real-time experimentation and system integration.

2.1 Robotic anatomical phantoms for exoskeleton
evaluation

Several research efforts have proposed mechanical replicas of human limbs for eval-
uating assistive devices under standardized conditions.
Filius et al. presented the Dummy Arm, a modular and cost-effective platform
for verification of arm exoskeletons, emphasizing configurable limb dimensions, ad-
justable masses, and passive joint stiffness for iterative development [3]. Their work
demonstrates how physical limb surrogates can accelerate verification, but the plat-
form primarily represents static or quasi-static properties and does not capture dy-
namic pathological behaviors such as spasticity or fatigue-related changes.
Barrutia et al. developed a lower-limb mechanical phantom designed to study knee
kinematics and the influence of soft-tissue deformation on exoskeleton assistance
[4]. Their findings highlight that interface compliance and tissue deformation can
significantly reduce effective assistance, underscoring the importance of including
tissue-like behavior in test platforms. However, their approach relied on static ma-
terials (e.g., gel analogs) and focused on a specific anatomical region.
Dezman et al. introduced a mechatronic leg replica for benchmarking physical in-
teraction between humans and exoskeleton devices [5]. Their system supported
force and torque transfer measurements under controlled conditions but did not in-
clude tunable soft-tissue compliance or mechanisms intended to emulate muscle-like
impedance modulation.
Overall, prior phantom platforms demonstrate clear experimental value, yet they
often remain limited in four areas: (i) capturing non-linear, state-dependent joint
impedance, (ii) providing tunable soft-tissue compliance under controlled condi-
tions, (iii) enabling rapid software–hardware iteration for controller development,
and (iv) maintaining well-defined human–exoskeleton interface conditions such as
axis alignment, attachment positioning, and load transfer. These gaps motivate a
platform that combines controllable joint impedance, tunable interface compliance,
and a workflow that supports rapid software–hardware iteration under well-defined

5



2. Background

experimental conditions.

2.2 Biomechanical impedance and non-linear stiff-
ness

Human joint mechanics are commonly described through impedance, which char-
acterizes the dynamic relationship between motion (position, velocity, and accel-
eration) and interaction forces/torques. Joint impedance arises from both passive
tissues (ligaments, joint capsule, tendons, skin) and active neuromuscular contribu-
tions. A key feature is non-linearity and state dependence: passive stiffness typically
increases near end ranges, and muscle co-contraction can substantially raise effective
stiffness and damping even at the same joint configuration.
In wearable robotics, impedance matters because it determines how applied ex-
oskeleton torques translate into joint motion and interface loads. If the combined
human–exoskeleton system exhibits substantial compliance at the attachment in-
terface, part of the commanded torque is absorbed by soft-tissue deformation and
viscoelastic losses rather than producing the intended joint rotation. This reduces
apparent control bandwidth, complicates controller tuning, and can increase dis-
comfort or lead to unintended load concentrations.
A phantom platform intended for exoskeleton evaluation should therefore repro-
duce the dominant impedance features relevant to the target use case. For knee
assistance, these include a well-defined kinematic hinge, non-linear stiffness over the
operating range, and adjustable interface compliance representing soft-tissue effects
near attachment points, ideally with defined and configurable boundary conditions.

2.3 Variable stiffness and antagonistic actuation
Variable stiffness actuators (VSAs) and variable impedance actuators (VIAs) pro-
vide a means to modulate stiffness independently of position, enabling safe physical
interaction and human-like behavior [6, 7]. A widely used concept is antagonistic
actuation, inspired by biological muscle pairs (e.g., quadriceps–hamstrings), where
two actuators apply opposing torques through elastic elements. Co-activation in-
creases stiffness through increased elastic pretension, while differential activation
produces net torque and motion.
In mechanical implementations, an elastic element such as a spring stores energy and
shapes the torque–angle relationship. With appropriate geometry and preloading,
the resulting stiffness can be designed to be non-linear, increasing with deflection
in a manner similar to passive tissues. Antagonistic architectures can also improve
safety by limiting peak interaction forces through elastic compliance.
The platform developed in this thesis uses two linear actuators arranged in an antag-
onistic configuration and coupled through a spring-based linkage. This arrangement
is selected to (i) enable controllable torque generation, (ii) produce a non-linear stiff-
ness profile through the elastic element, (iii) support controlled and parameterizable
experiments relevant to exoskeleton control, and (iv) allow rapid, low-latency mod-

6



2. Background

ulation of torque and stiffness through direct mechanical coupling.

2.4 Soft-tissue compliance and exoskeleton inter-
face effects

Beyond joint mechanics, the interaction between an exoskeleton and the human
limb is dominated by soft tissues and attachment structures. Even if an exoskeleton
applies a desired joint torque, soft-tissue deformation and strap compliance can
lead to relative motion (slippage), delayed torque transmission, and energy losses.
These effects are commonly observed as reduced assistance efficacy and increased
discomfort.
Soft-tissue behavior is difficult to reproduce with static materials alone because ef-
fective compliance varies with load, strap tension, geometry, and time-dependent
material properties. Tunable compliance mechanisms can improve phantom realism
by allowing controlled modulation of stiffness and damping. Pneumatic elements,
such as inflatable silicone chambers, offer a practical approach: pressure can be reg-
ulated to adjust stiffness, and the system can be instrumented to measure pressure
and infer interaction conditions.
In this thesis, pneumatic chambers are integrated as an adjustable compliance mod-
ule, with pressure sensing and valve control to generate adjustable stiffness settings.
This enables experiments that explicitly investigate how interface compliance im-
pacts control performance and torque transfer.

2.5 Digital twins and ROS-based architectures

A DT refers to a virtual representation of a physical system that is updated in real
time using sensor data. In robotics development, digital twins support visualization,
debugging, safety monitoring, and rapid prototyping of control logic. When paired
with a physical phantom, a DT can also provide a consistent experimental interface
and facilitate dataset generation [8, 9].
ROS 2 has become a widely adopted middleware for robotic systems, offering struc-
tured message passing, hardware abstraction, and integration with a broad ecosys-
tem of tools for logging, visualization, and modular control. For a research platform
intended to be iterated upon and extended, ROS 2 provides a flexible architecture
for integrating actuators, sensors, safety logic, and user interfaces [10].
The present work combines a ROS 2-based control framework with a Unity-based
DT. This supports real-time visualization of joint motion and sensor signals while
enabling typed, structured communication between the physical system and the soft-
ware environment, supporting rapid controller iteration and structured experiments
[11].
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2. Background

2.6 Summary
Prior work demonstrates the value of anatomical phantom platforms for controlled
exoskeleton testing, but highlights limitations in representing non-linear joint impedance,
tunable interface compliance, and flexible software integration. These observations
motivate the design choices and evaluation methods presented in the following chap-
ters.
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3
Methodology

This chapter describes the methodology used to design, implement, and evaluate
the robotic phantom knee (RPK) testbed and its DT. The work follows an iter-
ative engineering workflow: requirements were derived from the target use case
of early-stage exoskeleton controller evaluation, a system architecture was defined,
subsystems were implemented and integrated, and the platform was characterized
through experimental tests. The methodology is structured to support traceability
from design decisions to measurable outcomes.

3.1 Design requirements
The primary goal of the platform is to provide a bench-top test environment that
enables systematic experimentation with exoskeleton controllers while capturing the
dominant mechanical behaviors that influence human–exoskeleton interaction. The
main requirements are summarized below.
R1: Well-defined joint kinematics. The mechanical structure shall provide a
well-defined knee hinge axis with a stable range of motion and minimal unwanted
compliance in the rigid structure.
R2: Controllable torque and motion. The actuation system shall generate bidi-
rectional joint motion and allow controlled torque production across the operating
range relevant to exoskeleton experiments.
R3: Non-linear stiffness behavior. The platform shall generate a non-linear
torque–angle relationship representative of passive tissue behavior, with stiffness
that can increase with joint deflection.
R4: Tunable soft-tissue compliance. The platform shall include a mechanism
to emulate interface compliance (e.g., soft tissue and straps) in a controllable and
adjustable way.
R5: Instrumentation and data access. The platform shall provide sensor feed-
back sufficient for monitoring and analysis, including joint motion and soft-tissue
state.
R6: Real-time integration and usability. The system shall support real-time
monitoring, parameter adjustments, and experiment execution through a software
framework that is practical for iterative development.
R7: Safety. The platform shall include safety mechanisms that reduce the risk
of hardware damage and operational hazards, and enable controlled shutdown of
actuation and pneumatic subsystems.

9



3. Methodology

3.2 System-level architecture and integration strat-
egy

The platform is composed of four tightly-coupled subsystems:
1. Mechanical knee structure (hinge, linkages, mounting interfaces).
2. Actuation subsystem (antagonistic actuators and elastic linkage).
3. Pneumatic compliance subsystem (inflatable chambers, valves, pump,

pressure sensors).
4. Software and DT subsystem (ROS 2 nodes, communication bridge, Unity

visualization and user interaction).
A modular integration strategy was used:

• Each subsystem was first characterized in isolation using dedicated tests (e.g.,
actuator response tests, pressure regulation tests).

• Subsystems were then integrated incrementally, starting from hardware com-
munications (USB, SPI, I2C), followed by closed-loop control, then visualiza-
tion and user interaction in the DT.

• Typed ROS 2 topics and services were used for all data and commands to
reduce ambiguity, improve robustness, and simplify debugging.

3.3 Mechanical and actuation design methodol-
ogy

The mechanical structure was designed using a CAD workflow to define geometry,
clearances, and mounting interfaces. The knee joint was modeled as a single-degree-
of-freedom hinge. To emulate non-linear joint stiffness, an elastic element (spring-
based linkage) was integrated into an antagonistic actuation layout.
The actuation mechanism was selected to meet requirements R2 and R3:

• Two actuators generate opposing actions about the knee hinge, enabling both
net motion and controlled preloading of the elastic element.

• The spring-based linkage shapes the torque–angle relationship, and the geom-
etry defines the effective stiffness profile.

• The antagonistic configuration enables tuning of the effective joint stiffness
by adjusting the relative actuator setpoints, thereby increasing or decreasing
spring preload.

3.3.1 Antagonistic layout and elastic coupling
The two actuators are mounted facing each other, such that their shafts oppose in
direction while actuating the same joint through a shared elastic linkage. This mir-
rored layout supports both bidirectional joint motion and controlled spring preload-
ing, which is used to shape the effective stiffness profile of the knee.
A simplified representation of the coupling concept is:

[Motor 1] ↔ (Elastic Element) ↔ [Motor 2]
where the mirrored attachments enforce a consistent mechanical configuration and
reduce the risk of assembly-dependent sign changes in the effective joint behavior.
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3. Methodology

3.3.2 Adaptive spring housing for systematic experiments
To support systematic testing of different stiffness behaviors with minimal redesign,
an adaptive spring housing was developed. The initial configuration was designed to
accommodate a single spiral (clock) spring, while an alternative configuration was
designed to accommodate four compression springs within the same outer housing
concept. This modular approach enables future studies to compare springs with
different stiffness curves and compliance characteristics without changing the overall
mechanical layout or motor mounting interfaces.

Mechanically, the housing is implemented as a two-part assembly: (i) a reaction
component that bears against the second hinge link (shin link) and defines the load
path to the joint, and (ii) an internal actuated component that applies displacement
to the spring set. The resulting spring forces are transmitted from the actuated
component to the reaction component and into the hinge link, thereby generating
the desired joint torque.

The housing is connected to both motors through two dedicated flanges, designed
with a keyed geometry such that mounting is only possible at a predetermined angle.
This ensures defined alignment of the spring linkage and reduces assembly-dependent
variability.

Key design decisions were evaluated by:
• checking range-of-motion feasibility under mechanical constraints,
• verifying expected stiffness scaling with deflection based on linkage geometry,
• assessing actuator limits (speed/force) against target operating conditions.

The physical realization of the adaptive spring housing and its alternative configu-
rations is presented in Chapter 4 (see Figures 4.5 and 4.6).

3.4 Pneumatic soft-tissue compliance methodol-
ogy

To emulate soft-tissue compliance (R4), inflatable chambers were integrated into the
mechanical structure at locations relevant to exoskeleton attachment. The pneu-
matic system was designed around:

• a pump and reservoir providing pressure supply,
• solenoid valves for supply and vent control per chamber,
• pressure sensors measuring reservoir and chamber pressures,
• Flexible polyurethane and silicone tubing, and a check valve to enforce a stable

flow direction.

A closed-loop pressure regulation approach was implemented:
• Pressure setpoints are defined directly per chamber and are adjustable at run-

time (e.g., via the DT interface) to achieve the desired level of interface com-
pliance.

• The controller never opens the supply and vent valves at the same time. If the
measured pressure is below the setpoint, only the supply valve is activated; if
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the pressure is above the setpoint, only the vent valve is activated; otherwise
both valves remain closed to hold pressure. This avoids fighting flows and
improves stability.

• Because the pump and solenoid valves are binary (on/off) actuators, the con-
troller uses a discrete switching strategy. In particular, pulse-width modula-
tion (PWM) is applied to the solenoid valve outputs to time-proportion their
on-time [12]. The duty cycle acts as an effective flow command, enabling
smoother pressure regulation than pure bang–bang switching. A minimum
duty and small dither are applied to overcome valve dead zones and stiction
at low actuation levels.

• To avoid rapid on/off switching when the pressure is close to the setpoint,
the measured pressure is low-pass filtered and a small deadband (hysteresis)
is used. This reduces valve “chattering” and helps overcome valve dead zones
(ranges where a short activation produces little or no flow).

The pneumatic subsystem was characterized through step-response experiments and
steady-state tracking performance, demonstrating controlled pressure regulation un-
der typical operating conditions.
The pneumatic topology and its physical integration are detailed in Chapter 4 (see
Figures 4.8, 4.9, and 4.10).

3.5 Sensing and data acquisition methodology
To support monitoring, control, and evaluation (R5), the following measurements
are used:

• Joint state: joint position and velocity derived from actuator state feedback
and/or DT kinematics.

• Pneumatic state: reservoir pressure and chamber pressures from pressure
sensors.

• Inertial sensing: IMU measurements for thigh and shin segments, used when
orientation information is required.

All measurements are published as typed ROS 2 messages with defined update rates
and change-based throttling where appropriate (publishing only when the change
exceeds a defined threshold, otherwise holding the last value) to reduce bandwidth,
while preserving signal fidelity.

3.6 Software methodology: ROS 2 and DT
A ROS 2-based architecture was chosen to satisfy R6 and support modularity. The
software stack was implemented as a set of nodes:

• Actuators node: handles device communication, actuator control modes,
safety limits, and antagonistic coordination logic. In the experiments reported
in this thesis, the actuators are primarily operated in position control, while
torque/current limits are used to bound interaction forces and ensure safe
operation.
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• Pneumatics node: handles pressure sensing, pump (compressor) and solenoid-
valve actuation, closed-loop pressure regulation, and safety services (e.g., E-
STOP and release-air).

• Feathers node (IMU/temperature bridge): reads sensor data from the
FeatherS3 devices and publishes typed ROS 2 topics.

• Play/orchestrator node: coordinates launch and runtime state of subsys-
tems.

Unity is used as a DT environment for real-time visualization and interaction. ROS–
TCP bridging enables bidirectional communication:

• Unity subscribes to sensor/state topics for visualization.
• Unity publishes command and parameter topics for interactive tuning and

actuation commands.
The DT interface was designed to support:

• live visualization of joint angle and subsystem states,
• interactive parameter tuning (e.g., controller gains and setpoints),
• user-initiated actuation and safety actions such as actuator torque disable and

pneumatic release.

3.6.1 DT asset pipeline: CAD-to-Unity workflow
Engineering CAD tools typically represent geometry as parametric solids (e.g.,
NURBS [13]), which must be tessellated into triangle meshes for real-time ren-
dering in Unity. Direct CAD-to-mesh export often results in overly dense models
that are inefficient for interactive visualization. Blender was therefore used as the
primary modeling tool to support a real-time asset pipeline: geometry could be sim-
plified (decimation/retopology), LOD and collision meshes could be generated [14],
and pivots and materials could be prepared in a Unity-friendly way. In addition,
Blender supported the fabrication workflow used in this project (3D-printed compo-
nents) by enabling dimensionally consistent models with verified scale and fit, while
maintaining separate render-optimized versions for the DT.
In practice, the workflow was:

• import or reconstruct geometry from mechanical design references,
• create fabrication-ready parts with real scale and verified clearances,
• generate simplified meshes (decimation/retopology) for Unity rendering and

collision,
• export Unity assets with consistent coordinate frames and units.

3.7 Evaluation methodology
The platform is evaluated through experimental characterization aligned with the
design requirements:

• Mechanical range: verify the achievable range of motion and joint position-
ing behavior under defined commands.

• ROS–Unity integration performance: verify stable bidirectional ROS–
TCP communication, including tolerance to Unity client restarts, and quantify
effective ROS topic publish rates during active operation.
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• Safety and orchestration validation: validate Play subsystem start/stop
services and safety workflows, including latched E-STOP and release-air be-
havior.

• Antagonistic actuation validation: confirm stable actuator communica-
tion, controlled joint motion, and bounded antagonist behavior under the co-
ordination constraint (band clamp), including edge-case stress tests.

• Pneumatic compliance characterization: evaluate pressure regulation
stability, setpoint tracking performance, and safety venting behavior during
release-air.

• Feather sensor streaming validation: validate continuity of IMU and
temperature topic publishing during normal operation and assess reconnect
behavior as an observed limitation.

Quantitative metrics include steady-state error, rise time, and overshoot for pressure
control. Qualitative evaluation includes usability of the DT interface and robustness
during experiment execution.

3.8 Summary
The methodology follows an iterative system-engineering workflow with modular
subsystem tests and requirements-driven evaluation. By combining antagonistic
actuation, a spring-based stiffness mechanism, and pneumatic compliance within a
ROS 2 and Unity DT framework, the platform supports controlled and extensible
exoskeleton controller evaluation.
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System Design

This chapter presents the design of the RPK platform, including mechanics, ac-
tuation, pneumatic soft-tissue compliance, sensing, and the software/digital twin
architecture. The system is designed as a bench-top testbed for exoskeleton con-
troller evaluation, with hardware-in-the-loop operation and real-time visualization
through a Unity DT.

4.1 System overview
At a high level, the platform consists of:

• a single-degree-of-freedom knee hinge connecting thigh and shin segments,
• two antagonistic actuators coupled through a spring-based linkage to produce

controllable joint motion and non-linear stiffness,
• a pneumatic subsystem that regulates inflatable air chambers to emulate soft-

tissue compliance,
• sensor feedback (pressure, inertial orientation, temperature) for monitoring

and analysis,
• a ROS 2 middleware layer on a Raspberry Pi 5 that interfaces with hardware

and communicates with Unity through ROS–TCP.

4.2 Mechanical structure and knee joint
The mechanical structure is organized into two rigid segments (thigh and shin) con-
nected through a hinged joint representing the knee. The hinge constrains motion
to flexion and extension about a single axis, providing a controlled and measurable
joint angle. Mounting interfaces and structural components are designed to sup-
port bench-top operation and stable attachment of the actuation and pneumatic
subsystems.
The mechanical design emphasizes:

• a well-defined hinge axis and stable range of motion,
• rigid load paths for actuator forces to reduce unintended compliance,
• accessible mounting points for chambers, valves, sensors, and cabling.

4.2.1 Custom 3D-printed structural components
Figure 4.1 shows the full set of 3D-printed components used in the RPK platform.
These parts were designed to support modular assembly and compact integration of
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actuation, pneumatics, and embedded electronics. The numbering in the figure is
used consistently in the part descriptions below.

Figure 4.1: Overview of the custom 3D-printed parts used in the RPK platform.
Numbers correspond to the part descriptions in Section 4.2.1.

1. Thigh Hinge — Structural hinge component defining the knee joint axis
on the thigh side and ensuring rigid alignment of the flexion–extension axis.
It also provides mounting interfaces for both actuators and integrates routing
channels and placement features for internal wiring and components to improve
service accessibility.

2. Access Cover — A snap-lock access cover that protects internal wiring and
components while allowing tool-free access for maintenance and some adjust-
ments.

3. Thigh Body — Main load-bearing structural component of the thigh seg-
ment, integrating mounting interfaces for the hinge, pneumatic hardware, and
electronic components, and supporting the air chambers via prototype pump
wedges (used during iterative testing) and final chamber sleeves up to 25 cm
in length.

4. Pneumatics Container — Protective enclosure that houses the pneumatic
subsystem components, including the pump/compressor, check valve, reser-
voir, solenoid valve manifold (supply/vent valves), and tube fittings, while pro-
viding structured routing for both tubing and electrical wiring (solenoid driver
connections and sensor cabling). The enclosure also incorporates pass-through
routing channels for cables that continue to other subsystems, including ac-
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tuator wiring and the Feather sensor connections (IMU and temperature) for
both the thigh and shin. The assembly uses a rail-guided sliding interface with
tight tolerances to ensure defined positioning, stable mounting, and simplified
maintenance.

5. Solenoid Driver Holder — Dedicated mount for the solenoid driver board,
providing mechanical protection, electrical isolation, and service accessibility.

6. Rear Container — Rear enclosure used for cable management and electron-
ics integration. It houses the Raspberry Pi 5 drawer/holder, two DC–DC
converters (one supplying the pneumatics subsystem and one supplying the
Raspberry Pi 5), and one Unexpected Maker FeatherS3 (ESP32-S3), enabling
a compact and serviceable layout.

7. Thigh Rear Cover — Protective cover closing the rear container while al-
lowing easy access for maintenance and inspection.

8. KB Flange — Output-shaft-mounted interface flange that couples the KB
(antagonist) actuator to the elastic linkage assembly. The flange incorporates
a keyed geometry that constrains the Spiral Spring Hub to a single mounting
orientation, ensuring safe, defined angular alignment during assembly.

9. KBMB Flange — Output-shaft-mounted interface flange that couples the
KBMB (primary) actuator to the elastic linkage assembly. It is mirrored
relative to the KB flange to match the facing-actuator layout and includes
the same keyed indexing geometry, ensuring defined angular alignment during
assembly.

10. Spiral Spring Hub — Central hub interfacing the flat spiral spring. It
is primarily driven by the KB-side flange, while the resulting spring torque is
transmitted through the elastic linkage and shared between both actuator-side
flanges (KB and KBMB).

11. Spiral Spring Housing — Housing that encloses the flat spiral spring and
transmits the resulting torque to the shin-side link arm through its outer ge-
ometry.

12. RP5 Drawer/Holder — Sliding drawer used to mount the Raspberry Pi 5
for convenient removal during debugging, updates, or replacement, and to hold
a dedicated breakout/interface board for the pressure sensors.

13. RP5 Buck Converter Enclosure — Protective enclosure for the DC–DC
step-down converter supplying regulated power to the Raspberry Pi 5, improv-
ing electrical safety by reducing the risk of accidental short circuits.

14. Shin Hinge — Structural hinge component on the shin side, forming the
complementary half of the single-degree-of-freedom knee joint. Further me-
chanical optimization is intended, but was out of scope within the available
project timeframe.

15. Shin Body — Main structural body of the shin segment, providing mounting
points for the hinge and routing for pneumatic and sensor integration. Addi-
tional design improvements are planned; however, the current implementation
was prioritized to meet the thesis time constraints while enabling the reported
experiments.
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4.2.1.0.1 As-built prototype status at time of writing. Figure 4.2 shows
the RPK platform as implemented at the time of writing. The photograph is in-
cluded to document the physical integration state used during iterative testing. In
this configuration, temporary pump wedges are visible in place of the final air-
chamber sleeves, and the complete shin-side 3D-printed components are not shown
in the pictured assembly. These elements were iterated in parallel while prioritizing
functional verification under the project time constraints.

Figure 4.2: As-built RPK prototype at the time of writing, documenting the
physical integration state used during iterative testing. The image shows temporary
pump wedges used during prototyping in place of the final air-chamber sleeves; the
complete shin-side 3D-printed components are not shown in this view.

4.3 Antagonistic actuation subsystem

4.3.1 Actuator configuration
Joint actuation is implemented using two Westwood Robotics Koala BEAR linear
actuators in an antagonistic configuration [15]. Both actuators are connected on a
shared BEAR bus and addressed as separate devices through the BEAR SDK [16].
Communication is provided by a USB2BEAR dongle and a daisy-chained BEAR
signal-port connection (Figures 4.3 and 4.4).

• Koala BEAR Muscle Build (KBMB) as the primary actuator (device ID: 1),
• Koala BEAR (KB) as the secondary/antagonist actuator (device ID: 2),
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• USB2BEAR dongle for host communication and daisy-chained BEAR signal
ports.

Figure 4.3: USB2BEAR dongle used as the host interface to the BEAR actuator
bus. [16]

Figure 4.4: Daisy-chained BEAR signal-port connection used to communicate with
both actuators on a shared bus. [16]

The actuators are mounted facing each other with mirrored mechanical attachments
across the knee linkage. This mirrored layout introduces an inherent sign difference:
a positive command in one actuator’s local coordinates can correspond to the oppo-
site mechanical effect in the joint frame for the other actuator. To avoid ambiguity
in experiments and user interaction, the control software maintains a consistent joint
(world-frame) sign convention for commands (e.g., flexion/extension) and maps the
sign appropriately for each actuator.
These actuators were selected because they provide a well-supported control and
feedback stack that is practical for iterative bench-top experimentation. Using two
actuators from the same vendor yields a unified configuration and control workflow
(common SDK, consistent registers/telemetry, and one integration pathway), which
reduces software complexity and integration risk. Through the BEAR SDK, the sys-
tem can command standard operating modes and read back state variables required
for monitoring and analysis [16]. In this work, low-level control and monitoring are
implemented via the PyBEAR Python interface, vendored in the ROS 2 workspace
[17], which exposes device configuration, command registers, and feedback signals
used by the actuator node.
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4.3.1.1 Actuator torque requirement (simple estimate)

This section provides a simplified estimate of the peak knee torque required to move
and hold the lower leg against gravity. The goal is not to model detailed human
biomechanics, but to obtain a conservative torque target that can be compared
directly to the actuator capabilities and used to motivate the selected actuator pair.

4.3.1.1.1 Assumptions. Standard body-segment parameter tables indicate that
one lower limb (thigh+shin+foot) is approximately 16–18% of body mass, with the
thigh about ∼10% and the shin+foot about ∼6% [18]. For a representative adult,
mbody = 70 kg is assumed, giving

mshin ≈ 0.06 mbody ≈ 4 kg,

where the shin and foot are lumped into the shin link. The shin link length is
assumed to be Lshin = 0.40 m. For simplicity, the link is modeled as a uniform rod,
so its center of mass is located at

rshin = Lshin

2 = 0.20 m

from the knee joint axis. A sizing value of g ≈ 10 m/s2 is used.

4.3.1.1.2 Knee torque from the shin link. The gravitational knee torque is
maximal when the shin is horizontal:

τknee,grav,max = mshingrshin ≈ (4)(10)(0.20) = 8 N · m.

4.3.1.1.3 Design margin and target torque. To cover acceleration effects,
friction, and modeling uncertainty, a conservative margin S = 2 is applied:

τreq,peak ≈ S τknee,grav,max ≈ 16 N · m.

4.3.1.1.4 Connection to actuator selection. The estimated peak knee torque
requirement of approximately 16 N·m motivates the selection of an actuator pair
with sufficient torque margin. Table 4.1 summarizes vendor-specified peak torque
capabilities and gear ratios for the selected BEAR-series actuators.
In the antagonistic layout, the KBMB motor is assigned as the primary actuator
due to its higher torque capability, while the KB motor is used as the secondary
(antagonist) actuator to support coordinated motion, stiffness shaping through elas-
tic preload, and bounded antagonistic operation. This asymmetric pairing provides
adequate torque headroom for the intended operating range while avoiding unnec-
essary oversizing of both actuators.

Table 4.1: Vendor-specified actuator specifications for the BEAR-series actuators
used in the antagonistic actuation system (from [16]).

Actuator Peak torque (15s) Peak torque (1.5s) Gear ratio
KB 4.2 N·m 10.5 N·m 9:1
KBMB 8.0 N·m 20.0 N·m 20:1
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Beyond torque capacity, the actuators were also evaluated with respect to back-
drivability, speed, and mechanical integration. Their gear ratios allow partial back-
drivability under external loading, which is desirable in a phantom joint intended to
emulate compliant human interaction rather than rigid industrial positioning. In the
present system, this complements the elastic linkage by allowing externally applied
torques to be absorbed through a combination of spring deformation and drivetrain
compliance.
The actuators further provide motion speeds suitable for the intended exoskeleton
test scenarios, where quasi-static and moderately dynamic knee motions are of pri-
mary interest, enabling smooth flexion–extension cycles.

Table 4.2: Vendor-specified speed constants for the selected actuators (from [16]).

Actuator Speed constant
KB 27.3 RPM/V
KBMB 9.0 RPM/V

From a mechanical integration perspective, the actuators provide a compact form
factor (small external dimensions) relative to their torque capability. Mounting in-
terfaces on multiple sides of the actuator housing provide multiple mounting options,
enabling the facing, mirrored installation required by the antagonistic layout.

4.3.2 Spring-based linkage and non-linear stiffness
A flat spiral (clock) spring is used as the primary elastic element shaping the torque–
angle relationship of the knee mechanism. The selected spring is a Lesjöfors
flat spiral spring SCS 1.5×15×5 (code 925), manufactured from stainless steel
(EN 1.4310) and characterized by a strip thickness of t = 1.5 mm, width b = 15 mm,
and a support radius of r = 33 mm [19].
Within the reference operating range, catalog data provide representative torque
values (e.g., τ ≈ 8.10 N·m at 336◦). For control-oriented modeling and interpreta-
tion, the torsional stiffness is approximated by a linearized slope over the catalog
reference range. The catalog spring rate is specified as 24.1 N·mm/◦ [19], which
corresponds to

kt ≈ 1.38 N · m/rad
after unit conversion.
Using this linearized stiffness, the corresponding torque at the default coordination
limit of 90◦ is estimated as

τ(90◦) ≈ kt

(
π

2

)
≈ 2.17 N · m.

At the catalog reference point of 336◦, the peak torque is τ(336◦) ≈ 8.10 N·m.

4.3.2.0.1 Adaptive spring housing concepts (spiral vs. compression). To
investigate how the elastic linkage can shape the knee’s passive response while re-
maining mechanically safe under antagonistic actuation, two adaptive housing con-
cepts were developed: (i) a spiral-spring housing intended for large bidirectional
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relative rotation (Figure 4.5), and (ii) a compression-spring housing intended for a
compact design with a smaller allowable relative motion (Figure 4.6).

Figure 4.5: Adaptive spiral-spring housing concept (primary elastic element), de-
signed for large bidirectional relative rotation (∆ = ±90◦).

Figure 4.6: Adaptive compression-spring housing concept (compact alternative),
designed for small relative rotation (∆ = ±9◦).

Based on these trade-offs, the spiral-spring housing concept was selected for the
RPK platform. The as-built spring placement inside the adaptive housing is shown
in Figure 4.7.
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Figure 4.7: Real-life placement of the flat spiral spring inside the adaptive housing.

The two concepts illustrate trade-offs between allowable relative motion (∆ margin),
packaging complexity, and the achievable stiffness profile. The spiral spring concept
supports a wide ∆ band suitable for bidirectional operation around the neutral
position, while the compression-spring concept prioritizes compactness but requires
a tighter synchronization margin.
These parameters are used as baseline values for interpreting the system’s passive
compliance and for relating observed joint behavior to a simplified stiffness model.
Combined with antagonistic actuation, the elastic linkage enables two key behaviors:

• Net joint motion generated by differential actuator action about the knee,
• Effective stiffness shaping through elastic loading and linkage geometry,

resulting in an angle-dependent torque response.

4.3.3 Actuator safety and coordination logic

To support safe experimental operation, the actuator control layer includes:
• torque enable/disable control,
• command limiting (position/velocity/current bounds),
• an antagonist coordination constraint (band clamp) that restricts the antag-

onist actuator (KB) to remain within a bounded range of the primary actu-
ator (KBMB) position, reducing the risk of mechanical conflict and excessive
preload.

23



4. System Design

4.4 Pneumatic soft-tissue compliance subsystem

4.4.1 Hardware architecture

Soft-tissue compliance in the RPK is emulated using inflatable air chambers con-
trolled by a dedicated pneumatic circuit. The hardware provides independent pres-
sure regulation for the thigh and shin chambers, supporting controlled inflation and
deflation, while a reservoir buffers the supply to improve pressure stability.

The pneumatic subsystem follows a centralized supply topology with two indepen-
dently regulated branches, one for the thigh and one for the shin, as illustrated in
Figure 4.8. To complement the functional schematic, Figure 4.9 shows a CAD-based
alignment view of the same assembly, clarifying physical placement and routing,
while Figure 4.10 shows the corresponding real hardware implementation.

The main components of the system are:

• a pump used as a compressor (SparkFun ROB-10398),

• a check valve and a reservoir (Festo CRVZS-0.1) to stabilize the supply pres-
sure,

• four solenoid valves (SMC VX210JZ1E), arranged as supply and vent valves
for each chamber,

• three pressure sensors (Honeywell ABPDANV030PGSA3) measuring reservoir,
thigh chamber, and shin chamber pressures,

• an I2C solenoid driver (Adafruit 6318) used to actuate the pump and solenoid
valves.
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Figure 4.8: Schematic of the pneumatic system topology. The pump supplies
the reservoir through a check valve, while two identical branches (thigh and shin)
regulate chamber pressure using separate supply and vent solenoid valves and local
pressure sensing.
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Figure 4.9: CAD alignment view of the pneumatic assembly in its assembled config-
uration, showing the relative placement and alignment of almost all the components,
despite the air chambers. The figure is intended to clarify physical integration and
routing; functional flow and control logic are described by the schematic in Fig-
ure 4.8.
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Figure 4.10: Photograph of the implemented pneumatic subsystem on the RPK
platform, corresponding to the architecture in Figure 4.8 and the CAD alignment
view in Figure 4.9.

Figure 4.11 shows the same pneumatic subsystem after final packaging inside the
Pneumatics Container.

Figure 4.11: Real-life implementation of the pneumatic subsystem after final pack-
aging inside the Pneumatics Container.

Compressed air is routed from the pump through a check valve into a shared reser-
voir, which acts as a buffer to reduce pressure fluctuations and improve pressure
stability. Reservoir pressure is monitored by a dedicated pressure sensor connected
via a T-connector, providing feedback on available pressure headroom for down-
stream control.
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From the reservoir, two identical downstream branches originate, corresponding to
the thigh and shin chambers. Each branch consists of a supply solenoid valve that
regulates inflation of the chamber and a vent solenoid valve that releases air to
atmosphere. A pressure sensor connected via a T-connector measures the local
chamber pressure, enabling closed-loop pressure regulation for each limb segment
independently.

This architecture decouples the pressure dynamics of the thigh and shin chambers
while maintaining a compact and modular layout. In the present implementation,
each branch supports independent pressure setpoint control for the thigh and shin
chambers. This provides a foundation for future extensions in which pressure set-
points are modulated as a function of joint angle and/or loading to emulate angle-
dependent and load-dependent soft-tissue compliance.

4.4.1.0.1 Deflation concepts: atmospheric venting vs. exhaust recircula-
tion. An alternative deflation concept was evaluated in which the chamber exhaust
was routed back to the pump inlet (exhaust recirculation), effectively using the pump
as the exhaust sink. In practical testing, this configuration resulted in noticeably
slower pressure decay and was therefore not adopted.

This behavior is consistent with the component flow capacities. The selected pump
(SparkFun ROB-10398) operates with a working flow range of approximately 10–
15 L/min, which inherently limits the achievable exhaust rate when used as the
discharge path. In contrast, the SMC VX210-series vent solenoid valves provide
substantially higher exhaust capacity; conservatively, their discharge flow can be
treated as on the order of ∼ 100 L/min under typical operating conditions. As
a result, direct venting to atmosphere provides a significantly faster deflation in
practice.

The final design therefore retains atmospheric venting as the primary deflation
mechanism. The pump-return routing evaluated during development is shown in
Figure 4.12.
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Figure 4.12: Pneumatic topology used to evaluate pump-return deflation. The
thigh and shin vent outlets are merged and routed back to the pump inlet as an
alternative discharge sink. Practical tests showed slower pressure decay with this
routing, so the final design retained direct atmospheric venting.

4.4.2 Control approach
Chamber pressure is regulated using a closed-loop controller. The controller is de-
signed for robustness with solenoid valves by:

• using a split-range strategy (either supply or vent is active at a time),
• applying filtering and hysteresis to reduce chatter,
• supporting predefined compliance “profiles” that map to pressure setpoints.

4.5 Sensing and embedded peripherals

4.5.1 Pressure sensing
The three pressure sensors (reservoir, thigh, shin) provide the primary feedback
for the pneumatic subsystem. Reservoir pressure indicates available headroom for
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supply control, while chamber pressures represent the effective compliance state of
the thigh and shin soft-tissue (air chambers) elements.

4.5.2 IMU and temperature sensing
Two sensor bridge microcontrollers (Unexpected Maker FeatherS3, ESP32-S3) are
used to forward I2C sensor data over USB-C to the main computer:

• two 9-DoF IMUs (SparkFun SEN-19895) for thigh and shin orientation,
• two temperature sensors (SparkFun SEN-15805).

These sensors provide additional context during dynamic experiments and assist in
monitoring thermal conditions during extended operation.

4.6 Computing and software architecture

4.6.1 Compute platform and middleware
The main control computer is a Raspberry Pi 5 running Ubuntu Server 24.04 LTS
and ROS 2 Jazzy. ROS 2 provides the message-passing and modular structure
required to integrate actuation, pneumatics, and sensors, and to interface with the
Unity DT.

4.6.2 ROS 2 node structure
The software is structured as a set of ROS 2 nodes that separate hardware I/O,
control, and orchestration:

• Actuators node: communicates with the USB2BEAR bus, reads actuator
state, applies limits and coordination logic, and exposes command topics for
torque, position, velocity, and current control.

• Pneumatics node: reads pressure sensors, drives solenoid outputs, performs
closed-loop pressure regulation, and exposes safety services (E-STOP, release
air).

• Feathers node: receives IMU and temperature data from the FeatherS3
devices and publishes typed ROS 2 topics.

• Play/orchestrator node: manages process startup/health checks and pro-
vides convenience services to start/stop subsystems as a group.

All interfaces are implemented using typed ROS 2 messages and services (no JSON
payloads), improving robustness and making the system easier to validate and ex-
tend.

4.6.3 Unity DT integration
A Unity-based DT is used for real-time visualization, debugging, and interactive
parameter tuning. Communication between ROS 2 and Unity is provided through
ROS–TCP:

• ROS 2 publishes system state (joint variables, pressures, valve states, safety
flags),
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• Unity publishes commands and parameter updates (targets, mode toggles,
gains).

The DT supports:
• live visualization of joint motion and limb orientation,
• inspection of pneumatic state (reservoir and chamber pressures),
• interactive control panels for experiment execution and safety actions.

4.7 Safety workflow
Safety and operation are organized around the Play subsystem, which serves as the
operator-facing entry point for starting, stopping, and placing the platform in a safe
state.
In addition, a single, latched E-STOP action is implemented as the primary safety
mechanism. Triggering E-STOP forces a safe state by:

• disabling actuator torque (soft-stop behavior by commanding zero velocity and
zero current),

• triggering the pneumatic release-air routine to vent the reservoir and both air
chambers for a fixed duration,

• locking the operator interface by disabling relevant controls in the Unity UI.
To reduce the risk of restarting with stale pneumatic commands, the pressure set-
points in the Unity UI are forced to 0 psi when E-STOP is triggered and the cor-
responding zero setpoints are transmitted to the pneumatic controller. The latched
E-STOP state is released via a hold-to-reset gesture (validated in Chapter 5); after
reset, the system remains depressurized until the operator explicitly increases the
setpoints again.

4.8 Summary
This chapter presented the RPK system design, combining a single-axis knee hinge
with antagonistic actuation through a spring-based linkage to generate controlled
joint motion and a non-linear. Tunable soft-tissue/interface compliance is imple-
mented using a reservoir-buffered pneumatic circuit that regulates inflatable cham-
bers in the thigh and shin via supply/vent solenoid valves with local pressure sensing
and closed-loop control. Pressure, IMU, and temperature sensing provide monitoring
and experimental context. A modular ROS 2 software architecture on a Raspberry
Pi 5 integrates the hardware subsystems and connects to a Unity DT via ROS–
TCP for real-time control, visualization, and parameter tuning. Safety is enforced
through a latched E-STOP workflow coordinating actuator soft-stop behavior, pneu-
matic venting, and UI lockout.
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5
Results

This chapter reports experimental and system-level results obtained from the RPK
platform under the default runtime workflow: the ROS 2 stack on a Raspberry Pi 5
connected to a Unity DT via ROS–TCP. The results are organized by subsystem:
(i) ROS–TCP integration, (ii) Play orchestration and safety, (iii) antagonistic actu-
ation, (iv) pneumatic compliance control, and (v) Feather sensor streaming.

5.1 Experimental setup and data collection

All tests were performed on the integrated platform with ROS 2 running on the
Raspberry Pi 5 and Unity connected as a ROS–TCP client. Evidence was collected
using: (i) time-stamped ROS topic streams (recorded to bag files when applica-
ble), (ii) ROS CLI verification (ros2 topic hz, ros2 topic echo, ros2 service
call), and (iii) Unity UI screenshots during specific test stages (e.g., E-STOP).

Table 5.1: Default runtime configuration used during results collection. Nominal
loop/poll rates are listed; observed ROS topic publish rates are reported separately
in Fig. 5.2.

Parameter Default setting
ROS–TCP endpoint 0.0.0.0:10000
Actuator command loop ∼ 60 Hz
Actuator state streams fast ∼ 50 Hz, slow ∼ 10 Hz
Pressure sensor polling ∼ 200 Hz
Pneumatic control loop ∼ 50 Hz
Feather poll timer ∼ 200 Hz
Reservoir keeper enabled (∼ 25–26 psi)
UI joint-angle convention 0◦=full flexion, 180◦=full extension

Robustness was verified by restarting the Unity client during runtime: the ROS–
TCP endpoint remained active, and Unity successfully reconnected and resumed
streaming after reopening.
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Figure 5.1: Example of synchronized visualization in the Unity DT during hard-
ware operation.

5.1.1 Observed ROS topic publish rates
Update behavior was verified using ros2 topic hz on representative streams during
active operation (i.e., joint motion and/or changing pressures). The measured values
in Figure 5.2 reflect the effective ROS publish rates observed at runtime. Some
streams are published with on-change logic and filtering; therefore, the effective rate
depends on signal dynamics and may be lower when the system is stationary.

Figure 5.2: Observed ROS topic publish rates measured using ros2 topic hz
during active operation. Representative values were ≈ 38 Hz for actuator position
and reservoir pressure topics, and ≈ 53 Hz for the thigh IMU stream.

5.2 Play subsystem results (orchestration and safety)

5.2.1 Service-based orchestration
The Play subsystem was validated as the operator-facing entry point for starting
and stopping the platform. Functional tests confirmed that: (i) starting the sys-
tem consistently brought the platform online (endpoint active, nodes running, data
streaming), and (ii) stopping the system reliably shut down managed processes and
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returned the platform to an idle state. Per-subsystem start/stop services were also
verified, enabling subsystem isolation during debugging.

5.2.2 E-STOP behavior (latched trip + hold-to-reset)

The E-STOP workflow was validated using the single-button design implemented in
Unity:

• Trip action: pressing the E-STOP button triggers a latched safety state.
• Reset action: holding the E-STOP button for 2.0 s and releasing outside the

button region resets the latched state.
When E-STOP was triggered during motion, the Play subsystem consistently forced
a safe state by disabling actuator torque (soft-stop by commanding zero velocity
and zero current), triggering the pneumatic release-air routine to vent the reservoir
and both air chambers, and locking the operator interface by disabling relevant UI
controls.
At the same time, the pressure-command sliders in the Unity UI were immediately
forced to a safe state: the reservoir, thigh, and shin pressure setpoints were set
to 0 psi and a corresponding zero command was transmitted to the pneumatic
controller, preventing any unintended pressurization while the system remained in
the latched E-STOP state (Figure 5.3).
After the reset gesture, the UI returned to an operable state; however, the pressure
setpoints remained at 0 psi until manually readjusted (Figure 5.4). This design
enforces an explicit operator action before re-pressurization, reducing the risk of
restarting with stale setpoints from a previous trial and ensuring recovery begins
from a known depressurized baseline.

Figure 5.3: Unity operator interface immediately after pressing E-STOP (latched
trip). Controls are disabled/greyed out, pneumatic release-air is triggered, and
pressure setpoints are forced to 0 psi and transmitted to the pneumatic controller.
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Figure 5.4: Unity operator interface after the hold-to-reset gesture (E-STOP re-
leased). Controls are re-enabled, while pressure setpoints remain at 0 psi until
manually adjusted, enforcing an explicit operator action before re-pressurization.

5.3 Actuators subsystem results (KBMB + KB)

5.3.1 Runtime connectivity and controlled motion
The antagonistic actuation subsystem was validated under the default runtime con-
figuration with two BEAR actuators (KBMB ID 1 as the primary and KB ID 2
as the antagonist). During runtime tests, actuator state streaming remained sta-
ble and the Unity DT reflected present position in real time, enabling direct visual
verification of motion.

5.3.2 Antagonistic coordination constraint (band clamp)
During antagonistic operation, the antagonist actuator (KB) was commanded under
a moving band constraint defined relative to the master actuator (KBMB) present
position:

θKB,cmd ∈ [θKBMB,present − ∆, θKBMB,present + ∆] , (5.1)

where ∆ is a configurable band half-width. Under the default configuration, ∆ = 20◦

(≈ 0.35 rad). The corresponding band limits (θmin, θmax) therefore shift as KBMB
moves.

5.3.2.0.1 Observed clamp behavior. In trials with representative trajectories
and deliberately out-of-range commands, the computed band limits moved with
the master (KBMB) present position, and the antagonist (KB) position remained
within the allowed band. Figure 5.5 shows an example where the requested KB goal
command exceeds the band limits, while the measured KB position stays bounded
within the moving range.
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Figure 5.5: Evidence of the antagonistic band clamp. The allowable KB command
band (θmin, θmax) is centered on the KBMB present position and shifts as KBMB
moves. The requested KB goal command exceeds the band, while KB remains
bounded within the limits.

5.3.2.0.2 Edge case: ∆ = 0 (synchronization limit). An edge-case stress
test was performed with ∆ = 0, forcing the antagonist to track the master with-
out an allowed band. Figure 5.6 shows that KB followed KBMB closely; however,
during rapid changes, a small follower lag was observable while overall tracking
remained stable. This lag is consistent with the one-dongle daisy-chain topology,
where command and state transactions for two actuators are serialized over a shared
communication path rather than executed simultaneously.
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Figure 5.6: Edge-case synchronization test with ∆ = 0. The antagonist (KB)
follows the master (KBMB) without an allowed band. A small lag is observable
during rapid motion, while overall tracking remains stable.

5.4 Pneumatics subsystem results (soft-tissue com-
pliance)

5.4.1 Setpoint tracking and step response

To provide an evidence of closed-loop pressure regulation, the chamber setpoints
were commanded as a square-wave sequence between 0 and 5 psi for three consecutive
cycles (inflate → hold → deflate → hold). Measured chamber pressures and the
corresponding supply/vent valve commands were logged and plotted.

Figures 5.7 and 5.8 show that both chambers track the commanded setpoint pattern
consistently across cycles: pressures rise toward the 5 psi plateau during inflation
phases and return toward 0 psi during deflation phases, with valve command activity
aligned to the expected phases (higher supply activity during inflation and higher
vent activity during deflation). Isolated transient spikes were occasionally observed
in the pressure trace; these were non-persistent and did not change the overall
tracking behavior across the cycles.
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Figure 5.7: Thigh chamber pressure tracking over three inflation/deflation cycles
(0↔5 psi), with supply/vent valve command activity.

Figure 5.8: Shin chamber pressure tracking over three inflation/deflation cycles
(0↔5 psi), with supply/vent valve command activity.

5.4.2 Compliance profile execution
To demonstrate execution of time-varying compliance commands, a predefined pres-
sure profile was applied simultaneously to both thigh and shin chambers. The com-
manded sequence was 0 → 2 → 4 → 6 → 4 → 2 → 0 psi. Three consecutive
cycles were executed using different plateau durations per level: 3 s, 2 s, and 1 s,
respectively. Chamber pressures and valve commands were logged during the run.
Figure 5.9 shows that both chambers follow the commanded profile pattern across
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the three timing regimes. Measured pressures rise toward each plateau during in-
flation segments and return toward lower levels during deflation segments. Valve
command activity is visible throughout the transitions, consistent with closed-loop
pressure regulation during profile execution.

Figure 5.9: Compliance profile execution for thigh and shin commanded simulta-
neously: 0 → 2 → 4 → 6 → 4 → 2 → 0 psi, performed for three cycles using 3 s,
2 s, and 1 s plateaus per level. Faint lines on the secondary axis show valve PWM
activity.

5.4.3 Release-air and safety behavior

The release-air function was validated as the primary pneumatic safety mechanism
and was triggered from a representative pressurized operating state. During each
trial, pressures (reservoir, thigh, shin) and the corresponding valve commands were
logged while a single release event was initiated. The release command forces both
supply and vent valves to an open state for a fixed time window (10 seconds),
providing rapid venting and removal of stored pneumatic energy.

Figure 5.10 shows a representative release event. All channels decayed toward 0 psi
within the release window, while valve PWM commands saturated during the release
phase, confirming that the venting sequence was executed as intended.
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Figure 5.10: Pressure decay during a release-air event used for pneumatic safety
shutdown, with supply/vent valve command activity shown on the secondary axis.

5.5 Feathers subsystem results (IMU + temper-
ature streaming)

5.5.1 Topic publication and signal continuity

The Feather subsystem provides two independent sensor streams for the thigh and
shin. During normal operation, IMU and temperature topics were published con-
tinuously, and data remained available to the Unity DT without requiring manual
resynchronization. No cascading failures were observed during transient communi-
cation disturbances, and sensor streaming did not disrupt the overall ROS–Unity
workflow.

5.5.2 Orientation flip in Unity visualization at horizontal
pose (observed limitation)

During IMU rotation tests, an orientation jump/flip was observed in the real-time 3D
representation in Unity when the sensor was rotated into a near-horizontal pose, cor-
responding to approximately 90◦ in roll or pitch under the chosen reference frame.
This behavior is consistent with known singularities and discontinuities that can
occur when orientation is represented or interpreted using Euler angles (roll–pitch–
yaw), where the mapping becomes ill-conditioned at ±90◦. This effect is a repre-
sentation/visualization limitation rather than a sensor hardware fault; quaternion-
based handling avoids these discontinuities [20].
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5.5.3 Hot-plug and reconnect behavior (observed limitation)
A disconnect/reconnect stress test was performed by unplugging one Feather device
during runtime while logging IMU topics. When the shin Feather was disconnected,
the corresponding topic stream stopped immediately as expected. However, re-
connecting the device did not reliably restore publishing within the same runtime
session. In repeated trials, the stream only recovered after a full Raspberry Pi
power cycle, indicating that hot-plug auto-reconnect is not yet robust in the current
prototype configuration.
As a result, while transient sensor loss does not interrupt the overall ROS–Unity
workflow, automatic recovery from USB disconnects is not considered validated. In
practice, the platform is operated with both Feather devices connected before launch,
and reconnect events are treated as faults requiring a manual restart procedure.

5.6 Summary
Under the default runtime configuration, the results demonstrate that:

• ROS–TCP provides stable bidirectional communication between ROS 2 and
the Unity DT and tolerates Unity client restarts.

• The Play subsystem reliably orchestrates start/stop and enforces a latched
E-STOP workflow with a safe reset gesture.

• The antagonistic actuator subsystem achieves controlled motion and stable
clamp coordination under the default band constraint.

• The pneumatic subsystem provides tunable compliance via closed-loop pres-
sure regulation, with reliable release-air behavior for safety shutdown.

• The Feather subsystem streams IMU and temperature topics continuously dur-
ing normal operation; however, an orientation flip was observed in the Unity
3D visualization near a horizontal IMU pose, and hot-plug auto-reconnect was
not validated and may require a manual restart.
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This chapter discusses the results presented in Chapter 5 in relation to the thesis
aims and the broader context of exoskeleton verification. The discussion focuses on
the platform’s ability to provide a controllable experimental workflow; the utility
of tunable interface compliance through pneumatic regulation; and the practical
implications of the ROS 2 + Unity DT architecture for experimentation and debug-
ging. Limitations and future improvements are also identified, with emphasis on
measurements that can be defended with direct evidence.

6.1 Interpretation of results relative to objectives
The overall aim of this thesis is to develop a RPK testbed and digital twin that
can be used for controlled bench-top evaluation of exoskeleton controllers under
configurable interaction conditions. The results indicate that the platform meets
core requirements for experimentation and safety: subsystems can be started and
stopped consistently, Unity can visualize the system state in real time via ROS–
TCP, pneumatic pressures can be regulated, and safety behaviors (E-STOP and
release-air) behave predictably.
At the same time, the results in Chapter 5 prioritize verifiable subsystem-level ev-
idence (logs, plots, and UI states). As a consequence, biomechanical claims about
“human-like” joint impedance are treated conservatively: the prototype includes a
spring-based elastic mechanism intended to shape resistance with deflection, but the
present work does not provide direct joint torque ground truth or an experimentally
validated stiffness curve.

6.1.1 Experimental control
A primary advantage of the developed testbed is the ability to apply defined in-
put conditions during bench-top experiments. In practice, this thesis demonstrates
system-level operation: start/stop sequences bring the platform to an operational
state, state streams remain continuous during typical operation, and safety events
return the system to a known safe baseline.
For controller development, this controlled workflow is valuable because it reduces
dependence on human subject variability and enables controlled comparisons, for
example when testing different assistance profiles or parameter sets under the same
commanded trajectories and compliance settings.
However, workflow repeatability is not equivalent to biomechanical realism. Even
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if the platform behaves consistently, the extent to which it reproduces human joint
impedance depends on the fidelity and validation of the mechanical elastic mech-
anism and the soft-tissue compliance module. Therefore, the platform should be
interpreted as an engineering test rig that captures key interaction mechanisms in a
controlled setting, rather than a complete biomechanical replica of the human knee.

6.1.2 Elastic mechanism and stiffness: intent and validation
limits

The mechanical design includes an elastic element (spring-based linkage) intended
to introduce passive resistance during joint motion. This is a practical design choice
for a research testbed: passive elasticity stores energy physically and can reduce
reliance on high-bandwidth active control, which can improve safety and reduce the
risk of unstable software-only impedance emulation.
In the present prototype, the elastic mechanism is treated as a hardware feature that
contributes qualitative resistance, but it is not claimed as a validated “non-linear
stiffness characterization” result. Two limitations motivated this decision:

• No joint torque ground truth: the platform does not currently include
an inline torque sensor or load cell at the knee joint, which prevents direct
validation of torque–angle behavior.

• Model-only estimates are insufficient for claims: stiffness curves derived
from spring catalogs and geometry models can be useful for design intuition,
but they are not a substitute for experimental identification when the objective
is to defend biomechanical realism.

As a result, Chapter 5 focuses on experimentally evidenced outcomes (communica-
tion, orchestration, safety, pressure regulation, and streaming robustness). Quan-
titative joint impedance validation is left as future work once torque sensing is
available.

6.1.3 Soft-tissue compliance and pneumatic control

The pneumatic compliance subsystem provides a tunable representation of interface
compliance that is difficult to achieve with rigid structures or static soft materials.
By controlling chamber pressures, the system can apply configurable compliance
conditions and switch between profiles during experiments. This directly supports
the use case of exoskeleton controller verification, where interface compliance can
strongly affect torque transfer and the apparent stability of the human–robot system.
From the results, the pressure regulation performance (step response plots and track-
ing metrics) is suitable for bench-top experiments, particularly when experiments
focus on quasi-static or moderate-speed interaction. Nevertheless, pneumatic sys-
tems have inherent bandwidth limits due to valve dynamics, flow restrictions, and
compressibility. This can constrain realism during fast, highly dynamic interactions,
and it may limit the ability to reproduce rapid time-varying tissue behavior.
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6.1.3.1 Design trade-off: exhaust recirculation versus atmospheric vent-
ing

During development, an alternative exhaust topology was evaluated in which cham-
ber deflation flow was routed to a common manifold and fed back to the compressor
inlet (exhaust recirculation). In testing, this concept produced slower pressure decay
than direct venting to atmosphere. The behavior can be explained by the limiting
flow element in the exhaust path: when venting to atmosphere, discharge is pri-
marily limited by the vent solenoid valves and downstream tubing, whereas with
exhaust recirculation the effective discharge becomes limited by the pump intake
characteristics.
A first-order deflation time scale can be expressed as

tdeflate ≈ Vch

V̇eff
, (6.1)

where Vch is the chamber volume and V̇eff is the effective exhaust volumetric flow rate.
For compact pneumatic solenoid valves and short tubing runs, a conservative order-
of-magnitude exhaust capacity in atmospheric venting mode is V̇vent ∼ 100 L/min,
while small diaphragm pumps of the type used in this platform have free-flow intake
rates on the order of V̇pump ∼ 10–15 L/min. Therefore, if the pump inlet becomes
the limiting sink, a corresponding slow-down factor is expected:

tpump-return

tatmosphere
≈ V̇vent

V̇pump
∼ 7–10. (6.2)

This order-of-magnitude comparison matches the observed outcome that inlet re-
circulation reduced deflation speed. Consequently, the final design prioritizes pre-
dictable and fast deflation by retaining atmospheric venting behavior through a
common exhaust manifold.
The release-air behavior is an important practical safety contribution: stored pneu-
matic energy can be vented in a controlled manner, supporting controlled shutdown
and reducing risk during fault conditions. The Unity UI behavior that forces pressure
setpoints to 0 psi on E-STOP further strengthens this safety stance by enforcing an
explicit operator action before re-pressurization. This is consistent with the design
choice to prioritize a low-impedance exhaust path for rapid depressurization.

6.2 Implications for exoskeleton controller valida-
tion

The developed platform supports several controller-relevant test scenarios that can
be defended with the current evidence base:

• Compliance sensitivity studies: By varying pneumatic pressure setpoints
while keeping joint commands constant, the system can test how interface
compliance influences controller behavior and apparent torque transfer.

• Robustness under safety constraints: Controllers can be exercised while
the platform enforces safety logic (E-STOP, release-air, UI lockout), enabling
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safer early-stage debugging than tests on humans.
• Structured debugging and visualization: Unity provides immediate vi-

sual feedback of state streams and commanded variables, allowing faster iter-
ation and clearer documentation of experimental conditions.

These scenarios align with the broader motivation of reducing early dependence
on human trials and improving the evidence base before clinical evaluation. The
testbed can also support dataset generation for controller development in a con-
trolled setting.

6.3 DT and ROS 2 architecture: benefits and
trade-offs

A central design choice in this thesis is the combination of a ROS 2-based hardware
control stack (device I/O, safety enforcement, and closed-loop control) with a Unity
DT for real-time visualization and operator interaction over ROS–TCP. This sepa-
ration supports structured experiments in which actuator commands and pneumatic
compliance setpoints can be adjusted while system state is observed live.

6.3.1 Benefits
The main benefits observed are:

• Modularity and separation of concerns: Splitting actuators, pneumatics,
sensing, and orchestration into distinct ROS 2 nodes improves maintainability
and supports incremental development and debugging.

• Typed, inspectable interfaces: Using typed ROS 2 messages and services
enables direct verification with standard ROS tools (ros2 topic echo/hz,
ros2 service call) and reduces ambiguity compared to ad hoc string/JSON
payloads.

• Operator-centric visualization and interaction: Unity provides a con-
venient front end for monitoring state streams, tuning parameters, and docu-
menting experiments, while tolerating client restarts without requiring a full
system restart.

6.3.2 Trade-offs
The main trade-offs include:

• Latency and non-determinism across the bridge: ROS–TCP is suitable
for visualization, parameter tuning, and supervisory control, but it is not a
hard real-time link. Time-critical control loops and safety actions (e.g., E-
STOP and venting) should remain on the ROS 2 side.

• Integration complexity: A multi-process workflow increases the number of
components that must be configured, launched, and monitored. Clear orches-
tration procedures and reproducible documentation are therefore essential for
reliable operation.
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Overall, the architecture provides a practical balance between interactive experi-
mentation in Unity and robust hardware control in ROS 2.

6.4 Limitations
Several limitations affect the current platform and the scope of defensible conclu-
sions:

• Biomechanical fidelity and interface realism: The phantom captures
selected interaction mechanisms, but it does not reproduce neuromuscular
dynamics (reflexes, active muscle recruitment). In addition, the pneumatic
chambers provide tuneable compliance but do not replicate the anisotropic,
viscoelastic, and geometry-dependent behavior of real soft tissue.

• No joint torque ground truth: Without direct torque sensing at the knee,
joint impedance and stiffness cannot be experimentally validated, limiting
claims about “human-like” stiffness behavior.

• Pneumatic bandwidth: Pressure regulation has limited speed and may not
reproduce fast tissue dynamics during highly dynamic interactions.

• Unity orientation visualization discontinuity: An orientation jump/flip
was observed in the real-time 3D representation in Unity when the IMU passed
through a near-horizontal pose (corresponding to ≈ 90◦ in roll or pitch under
the chosen frame). This behavior is consistent with Euler-angle singulari-
ties/discontinuities in roll–pitch–yaw representations; quaternion-based han-
dling avoids such artifacts [20].

• Single-joint scope: The platform focuses on knee flexion/extension. Multi-
joint coupling and gait dynamics are not represented.

• Knee kinematic simplification (hinge approximation): The human
knee exhibits rolling–sliding motion with a migrating instantaneous center of
rotation [21]. The prototype models the knee as a single-axis hinge with a fixed
center of rotation, which improves robustness and mechanical simplicity but
reduces kinematic fidelity and may contribute to joint–exoskeleton misalign-
ment. Polycentric/variable-center knee mechanisms reported in the literature
[22] were not implemented in the present platform.

6.5 Future work
Several directions can extend and strengthen the platform:

• Direct torque sensing: Integrate a torque sensor or load cell to obtain
joint torque ground truth and enable experimentally validated impedance and
stiffness characterization.

• System identification: Perform identification experiments to map actua-
tor commands and pneumatic pressures to effective joint response, enabling
higher-fidelity benchmarking and stronger quantitative claims.

• Enhanced tissue models: Extend the compliance subsystem with multi-
chamber or region-specific elements and incorporate viscoelastic effects to bet-
ter emulate soft-tissue behavior.
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• Standardized experimental protocols: Develop standardized benchmark-
ing scripts (e.g., disturbance tests, compliance sweeps, and safety-event tests)
with automated logging and figure generation.

• Improved sensor robustness: Increase resilience to USB disconnects by ad-
dressing devices using persistent identifiers (e.g., /dev/serial/by-id or/dev/serial/by-path)
rather than /dev/ttyACM*, and extend reconnect logic to handle port re-
enumeration. In addition, remove the Unity visualization flip near horizon-
tal IMU poses by using quaternion-based orientation handling end-to-end and
restricting Euler-angle conversion to UI display only [20].

• Extended DT tooling: Add automated experiment logging, playback, and
parameter-sweep tools in Unity to support systematic studies.

• Polycentric knee mechanism: Incorporate a polycentric knee joint (e.g.,
cam-based or multi-link) to better approximate the migrating instantaneous
center of rotation observed in the human knee while preserving the controlled
operation required for controller verification.

6.6 Summary
The RPK platform provides a controlled experimental environment based on a
ROS 2 hardware stack and a Unity DT for real-time visualization and interaction.
The system integrates antagonistic actuation, tuneable pneumatic compliance, and
a safety workflow that coordinates actuator soft-stop behavior, pneumatic vent-
ing, and operator-interface lockout. The results support evidence-based conclusions
about system integration, safety, and pressure-based compliance control. Quantita-
tive validation of joint impedance and stiffness is intentionally deferred until direct
torque sensing and experimental identification are available, providing a clear path
to strengthen biomechanical fidelity in future work.
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7
Conclusion

This thesis presented the design and development of a RPK platform and a Unity-
based DT intended to support controlled evaluation of wearable exoskeleton con-
trollers under configurable interaction conditions. The motivation was to reduce
reliance on early-stage human testing by providing a controlled experimental en-
vironment with antagonistic actuation, passive elasticity, and tuneable interface
compliance.

Summary of work
The developed system integrates:

• a mechanically constrained single-axis knee hinge for controlled flexion/exten-
sion,

• antagonistic actuation using two Koala BEAR linear actuators coupled through
a spring-based linkage that introduces passive resistance and enables stiffness
shaping via preload,

• a pneumatic compliance subsystem based on inflatable chambers, supply/vent
solenoid valves, a pump and reservoir, and pressure sensing for closed-loop
regulation,

• a modular ROS 2 (Jazzy) software stack on a Raspberry Pi 5, providing typed
interfaces, subsystem separation, and safety handling,

• a Unity DT connected via ROS–TCP for real-time visualization, operator
interaction, and parameter tuning.

Main contributions
The main contributions of this work are:

• A hardware test platform that combines a rigid hinge, antagonistic actuation,
and a spring-based elastic element to provide controllable motion with passive
resistance relevant to wearable interaction studies.

• A tuneable pneumatic compliance module with closed-loop pressure regulation
and a safety-oriented release-air function for controlled depressurization.

• A ROS 2-based integration architecture with typed messages and services that
enables structured subsystem control, monitoring, and safety workflows.

• A Unity DT that provides real-time visualization and an operator-facing inter-
face for running experiments, triggering safety actions (E-STOP and venting),
and documenting runtime states.
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7. Conclusion

Concluding remarks
The results show that the integrated platform supports a controlled experimental
workflow. ROS–TCP communication between ROS 2 and Unity was stable under
runtime operation and tolerated Unity client restarts. The Play subsystem pro-
vided consistent start/stop behavior and enforced a latched E-STOP workflow that
coordinated actuator soft-stop behavior, pneumatic venting, and operator-interface
lockout. The antagonistic actuation subsystem demonstrated controlled motion un-
der the implemented coordination constraint, and the pneumatic subsystem tracked
commanded pressure sequences and executed rapid release-air shutdowns.
The platform is therefore best interpreted as an engineering test rig that enables
controlled experiments on interaction-relevant mechanisms (antagonistic actuation,
passive elasticity, and tuneable interface compliance), rather than as a fully validated
biomechanical replica of the human knee. In particular, quantitative claims about
joint impedance and “human-like” stiffness are intentionally treated conservatively
because direct joint torque ground truth was not available in the present prototype.

Future work
Future development could strengthen fidelity and broaden applicability by:

• integrating direct joint torque sensing (torque sensor or load cell) to enable
experimentally validated torque–angle and impedance characterization,

• performing system identification to map actuator commands and pneumatic
pressures to effective joint response under defined test conditions,

• expanding the soft-tissue module with multi-chamber or region-specific com-
pliance and viscoelastic effects,

• standardizing controller benchmarking protocols with automated logging, plot-
ting, and parameter sweeps,

• extending the DT with experiment playback and automated reporting, and
ensuring robust quaternion-based orientation handling to avoid visualization
discontinuities near Euler singularities.
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