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Abstract

The integration of wearable assistive exoskeletons in rehabilitation protocols has introduced paradigm-shifting capabilities 
for motor recovery in neurologically impaired patients. Central to the clinical efficacy of these robotic systems is the control 
architecture governing the physical  interaction between the human operator and the machine.  This paper presents  a 
comprehensive  academic  investigation  into  impedance  control  strategies,  specifically  evaluating  their  impact  on 
rehabilitation safety and interactive compliance. As traditional rigid position control mechanisms frequently compromise 
patient safety by applying excessive interaction forces during human-robot misalignment, impedance control has emerged 
as  a  fundamental  solution.  By modulating  the  dynamic  relationship  between position  errors  and  interaction  forces,  
impedance controllers provide a compliant interface that accommodates human volition and physiological limitations. This 
study systematically compares fixed impedance control and variable impedance control paradigms through a rigorous 
methodological  framework.  The analysis  encompasses  kinematic  tracking  accuracy,  dynamic  force  modulation,  and 
stringent rehabilitation safety criteria,  including the mitigation of  spasticity-induced joint  torque overloads.  Through 
detailed  simulated  experimental  evaluations,  the  findings  demonstrate  that  adaptive  and  variable  impedance  control 
architectures significantly enhance patient safety by reducing peak transient forces while maintaining therapeutically 
adequate trajectory tracking. The paper concludes by discussing the clinical  implications of these control  strategies,  
addressing implementation challenges, and outlining future trajectories for the development of safe, intelligent, and highly 
compliant wearable assistive exoskeletons.
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1. Introduction

1.1 Background on Wearable Exoskeletons

The rapid advancement of robotic technologies over the past two decades has catalyzed the development of wearable 
assistive exoskeletons, particularly within the domains of medical rehabilitation and human augmentation. Neurological 
disorders, such as stroke, spinal cord injuries, and traumatic brain injuries, frequently result in severe motor impairments  
that drastically reduce the quality of life for millions of individuals globally. Traditional physical therapy, while effective, 
is highly labor-intensive, dependent on the physical stamina of therapists, and inherently difficult to quantify objectively.  
Wearable exoskeletons address these limitations by providing high-dosage, repetitive, and task-specific motor training, 
which has been shown to promote neuroplasticity and functional recovery [1]. These robotic devices are intimately coupled 
with the human body, operating in parallel with the anatomical limbs to apply assistive or resistive torques directly to the  
biological  joints.  Consequently,  the physical  human-robot  interaction is  the most  critical  operational  domain of  any 
rehabilitation exoskeleton. Unlike industrial robots that operate in structured environments isolated from human contact, 
wearable exoskeletons must safely and continuously interact with a highly complex, unpredictable, and dynamically  
changing biological system. This inherent requirement necessitates advanced control paradigms that prioritize not only the 
accurate execution of therapeutic trajectories but also the absolute safety and comfort of the patient. The early generations 
of rehabilitation robots predominantly utilized rigid position control strategies, where the machine forced the human limb 
along a predefined path regardless of the user's voluntary effort or momentary muscular resistance. While effective for  
passive mobilization in the acute stages of paralysis,  such rigid control mechanisms present substantial  safety risks,  
including joint hyperextension, soft tissue damage, and the exacerbation of abnormal muscle tone [2].

1.2 Motivation and Scope of the Study

The transition from rigid trajectory enforcement to compliant human-robot interaction represents one of the most significant 
evolutionary steps in rehabilitation robotics. Impedance control has emerged as the foremost theoretical and practical  
framework for achieving this compliance. By regulating the dynamic relationship between the kinematic deviation of the 
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robot and the resulting interaction force applied to the user, impedance control allows the exoskeleton to behave as a  
programmable spring-damper system. This enables the machine to yield to human resistance, accommodate voluntary 
movements, and provide assistance only when the patient deviates from the desired therapeutic envelope. Despite the  
widespread theoretical acceptance of impedance control, a comprehensive and comparative analysis of different impedance 
control strategies specifically with respect to rehabilitation safety remains underexplored. The primary motivation of this 
study  is  to  dissect  the  operational  mechanics,  clinical  efficacy,  and  safety  profiles  of  various  impedance  control  
methodologies. This paper evaluates fixed impedance control, where the stiffness and damping parameters remain constant 
throughout the therapy session, against advanced variable impedance control strategies that dynamically adjust these 
parameters in real-time based on the patient's performance, biomechanical state, or electromyographic feedback. The scope 
of this investigation includes the establishment of a rigorous methodological framework for comparative analysis, the 
definition of quantitative rehabilitation safety criteria, and the execution of detailed simulated experiments to validate the  
theoretical  postulations.  By  systematically  analyzing  kinematic  and  dynamic  performance  metrics  alongside  safety 
outcomes, this study aims to provide definitive guidelines for the selection and implementation of impedance control  
strategies in next-generation wearable assistive exoskeletons.

2. Literature Review and Theoretical Background

2.1 Evolution of Rehabilitation Robotics

The historical  trajectory of  rehabilitation robotics  is  characterized by a  continuous pursuit  of  harmonizing machine 
precision with human biological variability. The initial foray into this field was dominated by devices designed to merely 
replicate the manual manipulation techniques employed by physical  therapists.  These early systems operated on the 
principle of high-gain proportional-integral-derivative position control, ensuring that the robotic end-effector or joint angle 
strictly adhered to a pre-programmed kinematic reference [3]. While such systems successfully demonstrated the feasibility 
of automated repetitive motion therapy, empirical clinical studies rapidly exposed their fundamental flaws. Neurologically 
impaired patients frequently exhibit involuntary muscle contractions, commonly known as spasticity, as well as varying  
degrees of voluntary motor recovery. When a rigid position-controlled robot encounters a spastic limb, it interprets the  
biological resistance as a positional error and subsequently increases the applied torque to force the limb back onto the  
trajectory. This invariably leads to excessively high interaction forces that can cause severe pain, muscle tearing, and joint 
dislocation. Recognizing these severe safety hazards, the research community initiated a paradigm shift towards force  
control and, subsequently, interaction control [4]. The objective transitioned from strict positional accuracy to managing 
the mechanical  energy exchanged between the human and the robot.  This evolution birthed the concept  of patient-
cooperative  control,  where  the  robotic  device  acts  as  a  supportive  partner  rather  than  an  authoritative  driver.  This  
cooperative  framework  inherently  requires  a  control  strategy  capable  of  modulating  the  dynamic  behavior  of  the  
exoskeleton  interface,  leading  to  the  widespread  adoption  of  impedance  and  admittance  control  architectures  in  
contemporary rehabilitation engineering.

2.2 Overview of Impedance Control Mechanisms

Impedance  control,  originally  conceptualized  in  the  foundational  works  of  robotic  manipulation  in  unstructured  
environments, is a control strategy that dictates the dynamic response of a robot to external environmental perturbations. 
In the context of wearable exoskeletons, the environment is the human body. The core principle of impedance control is  
not to command a specific position or a specific force independently, but rather to control the relationship between the  
position error and the interaction force. This relationship is mathematically formulated to mimic a mechanical system  
comprising virtual inertia, virtual damping, and virtual stiffness [5]. When the human limb deviates from the equilibrium 
trajectory defined by the control algorithm, the exoskeleton generates a restoring force that is proportional to the magnitude 
of the deviation and the velocity of the movement. A low impedance setting renders the exoskeleton highly compliant, 
feeling soft and easily back-drivable to the user, which is ideal for patients with significant voluntary control who merely  
need minimal guidance. Conversely, a high impedance setting makes the robot feel stiff and resistive, providing robust  
support  for patients with profound weakness.  The literature predominantly categorizes these mechanisms into Fixed  
Impedance Control and Variable Impedance Control. Fixed Impedance Control utilizes constant stiffness and damping 
parameters that are typically tuned by a clinician prior to a therapy session. While computationally simple and robust, fixed 
parameters fail to adapt to the intra-session variability of human motor performance. This limitation has driven extensive  
research  into  Variable  Impedance  Control,  where  the  impedance  parameters  are  continuously  updated  in  real-time. 
Adaptive algorithms utilize various sensory inputs, such as interaction force measurements, kinematic tracking errors, or  
human biological signals, to dynamically alter the compliance of the exoskeleton, thereby optimizing both the therapeutic 
challenge and the safety of the interaction at any given moment.

3. Rehabilitation Safety Criteria in Exoskeletons

3.1 Physical Safety and Human-Robot Interaction
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Safety is the most paramount requirement in the design and operation of any medical device, and this principle is magnified 
in the context of wearable exoskeletons due to their close physical proximity and high mechanical power. Physical safety 
in rehabilitation exoskeletons is primarily defined by the prevention of mechanical injury to the patient's musculoskeletal  
system. This encompasses strict adherence to the anatomical range of motion for each joint. Exoskeleton hardware is 
typically designed with mechanical hard stops to prevent extreme flexion or extension; however, software-based safety 
criteria are equally critical to prevent the robot from driving the limb into these limits with excessive force. The magnitude 
of the interaction force is a primary safety metric [6]. High transient forces, even within the normal range of motion, can  
cause  localized  soft  tissue  damage  at  the  human-robot  attachment  interfaces,  such  as  strapping  systems  and  cuffs.  
Consequently, a fundamental safety criterion involves establishing continuous monitoring of joint torques and interface 
pressures, ensuring they remain well below the physiological tolerance thresholds of the specific patient demographic.  
Furthermore, physical safety dictates that the exoskeleton must possess an inherent back-drivability. In the event of a total 
power failure or a software malfunction, the mechanical transmission of the exoskeleton must not lock up; rather, it must  
allow the patient or therapist to manually move the joints to safely extricate the user. The application of impedance control 
directly addresses these physical safety criteria by mathematically guaranteeing that the interaction forces remain bounded 
as a function of the positional error, thereby preventing the dangerous runaway torque scenarios commonly associated with 
pure position control systems.

3.2 Cognitive and Neurological Safety Constraints

Beyond the  immediate  prevention  of  physical  trauma,  rehabilitation  safety  encompasses  cognitive  and  neurological 
dimensions that are profoundly impacted by the control strategy. Neurological safety involves preventing the exacerbation 
of pathological conditions. Spasticity, characterized by a velocity-dependent increase in muscle tone and exaggerated  
tendon jerks, is a common sequela of upper motor neuron lesions. Rapid movements or unexpected stretches of the affected 
muscles  can trigger  severe  spastic  catch,  causing sudden and intense  pain.  Therefore,  a  critical  safety  criterion for 
exoskeletons  is  the  real-time  detection  and  mitigation  of  spasticity  [7].  The  control  algorithm must  be  capable  of  
distinguishing between intentional human resistance, which might require a supportive increase in assistance, and a spastic 
episode, which necessitates an immediate reduction in applied torque to allow the muscle to relax. Impedance control 
provides a mechanism for neurological safety through its velocity-dependent damping component. By appropriately tuning 
the damping parameter, the exoskeleton can resist rapid, erratic movements commonly associated with spasticity, thereby 
acting  as  a  physical  smoothing  filter  that  protects  the  joint.  Furthermore,  cognitive  safety  relates  to  the  patient's 
psychological comfort and confidence in the machine. A robot that behaves unpredictably, applies sudden jerks, or forces  
the limb against the patient's will can induce significant anxiety and fear, which are detrimental to the motor learning  
process essential for rehabilitation. A compliant, impedance-controlled interface fosters a sense of trust and cooperation,  
as the patient feels that they are in control of the movement rather than being subjected to a rigid mechanical apparatus.

4. Methodological Framework for Comparative Analysis

4.1 Selection of Impedance Control Strategies

To conduct a rigorous comparative analysis of impedance control strategies and their impact on rehabilitation safety, a 
structured methodological framework was developed. This framework isolates the control architecture as the primary 
independent variable while maintaining a consistent biomechanical and kinematic environment. The study selected three  
distinct control strategies for comparative evaluation. The first strategy is a baseline Rigid Position Control, which, despite 
its known clinical limitations,  serves as a necessary control  group to demonstrate the worst-case scenario regarding 
interaction forces and safety violations. The second strategy is Fixed Impedance Control, representing the current standard 
in many commercially available rehabilitation devices. In this strategy, the virtual stiffness and virtual damping parameters 
are predetermined through empirical tuning to provide a balance between trajectory tracking and compliance, remaining 
static throughout the simulated therapy session. The third strategy is a sophisticated Variable Impedance Control algorithm. 
This advanced approach incorporates a real-time adaptation law that continuously modulates the virtual stiffness based on 
a function of the instantaneous positional error and the estimated human interaction torque. The objective of selecting these 
three specific strategies is to provide a clear evolutionary comparison, highlighting the incremental benefits and potential  
drawbacks as the control complexity increases from rigid enforcement to static compliance, and ultimately to dynamic  
adaptation.
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Figure 1: Comprehensive Schematic of Decentralized Control Testing Environment

4.2 Experimental Setup and Simulation Protocols

Given the ethical and practical constraints of inducing potentially unsafe conditions in human subjects for the sake of  
comparison, this study relies on an advanced musculoskeletal simulation environment to execute the comparative analysis 
[8]. The simulation utilizes a highly detailed, dynamically accurate mathematical model of a human lower limb interacting 
with a powered knee exoskeleton. The human biological model includes representations of the primary flexor and extensor 
muscle  groups,  characterized  by  their  activation  dynamics,  force-length  relationships,  and  force-velocity  properties. 
Crucially, the simulation incorporates pathological profiles, allowing for the programmed injection of spastic episodes and 
simulated muscle weakness.

Table 1: Simulation Parameters for the Exoskeleton and Biological Model

Parameter Description Variable Symbol Assigned Value

Exoskeleton Link Mass M_exo 2.50 kg

Biological Limb Mass M_bio 4.20 kg

Actuator Maximum Torque T_max 60.00 Nm

Spasticity Trigger Velocity V_spast 1.20 rad/s

Maximum Safe Interface Force F_safe 45.00 N

The  experimental  protocol  is  designed  to  simulate  a  standard  passive  range  of  motion  therapy  session,  where  the  
exoskeleton  aims  to  move  the  knee  joint  through  a  predefined  sinusoidal  trajectory.  To  rigorously  test  the  safety  
mechanisms of each control strategy, two distinct perturbation events are introduced during the simulation. The first event 
is a prolonged voluntary resistance, simulating a scenario where the patient actively fights the movement of the machine 
due to discomfort or misunderstanding of the task. The second event is a sudden simulated spastic catch, characterized by 
a rapid, high-magnitude spike in biological joint stiffness and opposing torque. The data collection focuses on continuous 
recording of  the actual  joint  trajectory,  the commanded robotic  torque,  and,  most  importantly,  the interaction force  
generated at the human-robot physical interface.

5. Implementation of Control Strategies

5.1 Fixed Impedance Control Implementations

The implementation of the Fixed Impedance Control strategy involves defining a control law that calculates the required 
actuator torque based on the deviation from the desired kinematic state. The core philosophy is to model the exoskeleton  
as a mechanical system connected to the desired trajectory via a virtual spring and a virtual damper. The commanded torque 
is computed as the sum of two primary components. The first component is the product of the predefined stiffness parameter 
and the positional error, which represents the difference between the target joint angle and the actual measured joint angle. 
This stiffness dictates how aggressively the robot attempts to pull the limb back to the target path. The second component 
is the product of the predefined damping parameter and the velocity error. The damping component serves to dissipate 
energy, thereby preventing oscillatory behavior and ensuring smooth, stable movements. In this fixed implementation, the 
stiffness and damping values are selected heuristically to represent a moderate level of assistance [9]. While this approach 
successfully  bounds  the  maximum possible  interaction  force  for  a  given  positional  error,  its  static  nature  presents  
limitations. If the stiffness is set too high, the system behaves similarly to position control, compromising safety during 
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sudden spastic episodes. Conversely, if the stiffness is set too low to maximize safety, the exoskeleton may fail to provide 
adequate assistance for severely impaired patients, resulting in poor trajectory tracking and reduced therapeutic benefit.

5.2 Adaptive and Variable Impedance Control Models

To overcome the limitations of  static  parameters,  the Variable  Impedance Control  strategy is  implemented with an 
adaptation mechanism designed to intelligently modulate compliance in real-time. The fundamental principle of this 
implementation is the notion of assistance-as-needed, which postulates that the robot should only provide the minimum 
amount of force necessary to help the patient complete the task [10]. The adaptive algorithm continuously monitors the 
tracking error and the estimated human interaction torque. During phases where the positional error is small, indicating  
that the patient is successfully following the trajectory either through their own effort or due to a lack of resistance, the  
algorithm systematically decreases the virtual stiffness. This reduction in impedance maximizes compliance, allowing the 
patient greater freedom of movement and promoting active muscular participation. However, if the positional error begins 
to grow excessively, indicating that the patient is struggling or deviating significantly from the safe therapeutic corridor,  
the algorithm increases the stiffness to provide firmer guidance and prevent the limb from entering unsafe kinematic  
configurations. Crucially, the Variable Impedance Control implementation includes a safety-override layer specifically  
designed to handle spasticity. By monitoring the joint velocity and the rate of change of the interaction torque, the system 
can detect the onset of a spastic catch. Upon detection, the adaptation law immediately overrides the tracking-based 
stiffness calculation and drops the impedance parameters to near zero, rendering the joint completely compliant and  
preventing the application of damaging forces against the contracting muscle.

6. Experimental Results and Data Analysis

6.1 Kinematic and Dynamic Performance Metrics

The execution of the simulation protocols yielded extensive data sets characterizing the performance of each control 
strategy. The analysis initially focuses on the fundamental trade-off between kinematic tracking accuracy and dynamic 
interaction forces. Under normal operating conditions, where the biological model offers minimal resistance, all three 
control strategies—Rigid Position Control, Fixed Impedance Control, and Variable Impedance Control—demonstrated 
acceptable  trajectory  tracking  capabilities,  maintaining  the  joint  angle  within  narrow  error  margins.  However,  the 
performance diverged drastically upon the introduction of the perturbation events. When the simulated voluntary resistance 
was applied, the Rigid Position Control system exhibited a minimal increase in positional error but generated alarmingly  
high interaction forces in its attempt to force the limb along the predetermined path. These forces quickly exceeded the  
predefined maximum safe interface force threshold. In contrast, the Fixed Impedance Control strategy allowed for a larger 
positional error, yielding to the biological resistance, which resulted in a significantly lower interaction force that remained 
within safe limits. The Variable Impedance Control strategy demonstrated the most nuanced response. It initially allowed  
a small deviation while decreasing its stiffness to assess the nature of the resistance. As the resistance persisted, it modulated 
the torque to find an optimal balance, resulting in interaction forces that were consistently lower than those produced by 
the Fixed Impedance Control, while still providing gentle corrective guidance.

Figure 2: Comparative Performance Analysis Chart of Interaction Forces

6.2 Assessment of Rehabilitation Safety Outcomes
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The assessment of safety outcomes was primarily quantified by analyzing the peak transient forces and the duration of  
force exposure during the simulated spasticity event [11]. The onset of the sudden simulated spastic catch provided the 
most critical test for the control architectures. 

Table 2: Comparative Safety Metrics During Simulated Spasticity Event

Control Strategy Peak Interaction Force (N) Force Limit Exceedance Duration (ms)

Rigid Position Control 85.40 450

Fixed Impedance Control 42.10 0

Variable Impedance Control 18.60 0

As detailed in the experimental data, the Rigid Position Control strategy reacted catastrophically to the spastic catch. The  
sudden biological resistance was interpreted as a massive tracking error, causing the control law to command maximum 
actuator torque in direct opposition to the spastic muscle. This resulted in a peak interaction force nearly double the  
established safety threshold, maintaining this hazardous force level for a prolonged duration until the simulated event  
subsided. The Fixed Impedance Control strategy successfully mitigated the danger; the inherent compliance of the virtual 
spring-damper system absorbed the energy of the sudden movement, capping the peak interaction force just below the 
safety threshold. However, the Variable Impedance Control strategy exhibited vastly superior safety outcomes. The rapid  
onset of the spastic velocity triggered the safety-override layer, immediately dropping the virtual stiffness. This allowed  
the exoskeleton to swing freely with the spastic contraction rather than fighting it. Consequently, the peak interaction force 
was dramatically minimized to a fraction of the threshold, unequivocally demonstrating that dynamic parameter adaptation 
is essential for managing unpredictable neurological events safely.

7. Discussion on Strategy Efficacy and Clinical Implications

7.1 Comparative Evaluation of Control Paradigms

The comparative evaluation of the simulated data clearly establishes a hierarchy of clinical suitability among the tested  
control paradigms. Rigid position control, while historically significant in early robotic developments, is fundamentally 
incompatible with the complex, variable, and often pathological nature of human neuromuscular systems. Its failure to  
respect the dynamic limitations of the patient renders it a continuous safety liability. The shift towards Fixed Impedance  
Control represents a substantial improvement, providing a baseline level of interaction safety through bounded forces. By  
defining a constant relationship between displacement and torque, clinicians can ensure that the robotic intervention does  
not exceed structural safety limits. However, the static nature of Fixed Impedance Control forces a compromise. It cannot 
simultaneously offer high compliance for user comfort and high stiffness for precise guidance. The Variable Impedance 
Control strategy resolves this compromise [12]. By continuously analyzing the human-machine interaction state and 
modulating its parameters accordingly, it achieves a synthesis of therapeutic efficacy and absolute safety. The ability to  
lower impedance during active voluntary movement encourages patient participation, preventing the phenomenon of  
slacking where the patient passively relies entirely on the robot. Furthermore, the capacity to instantaneously adapt to 
sudden perturbations, such as spasticity, elevates the safety profile from merely acceptable to highly protective. These  
findings strongly suggest that modern rehabilitation exoskeletons must abandon static control architectures in favor of 
adaptive, bio-cooperative methodologies to maximize both the speed of motor recovery and the well-being of the patient.

7.2 Limitations and Practical Challenges

Despite  the  overwhelming  theoretical  and  simulated  superiority  of  Variable  Impedance  Control,  transitioning  these  
advanced algorithms from highly controlled computational  environments  to  widespread clinical  application presents 
substantial practical challenges. A primary limitation lies in the reliance on accurate real-time sensory data [13]. Adaptive 
algorithms require precise, continuous measurements of human interaction forces and joint kinematics to appropriately  
modulate the impedance parameters. In practice, obtaining high-fidelity interaction force measurements is exceedingly 
difficult  due  to  sensor  noise,  the  compliance of  the  human soft  tissue,  and shifting attachment  points  between the  
exoskeleton and the limb. Miscalculations in the interaction force can lead the adaptive algorithm to inappropriately  
increase stiffness, inadvertently compromising the very safety it was designed to ensure. Furthermore, the computational  
complexity of advanced variable impedance algorithms introduces potential latency issues. If the control loop delay is too 
large, the system's reaction to a sudden spastic catch may not be fast enough to prevent a transient spike in interaction  
force. Additionally, there is a clinical challenge regarding parameter initialization and tuning. While variable impedance 
reduces the need for constant manual adjustment, clinicians must still define the boundary conditions, learning rates, and  
safety thresholds specific to each patient's unique biomechanical and neurological profile. Bridging the gap between  
complex robotic engineering interfaces and intuitive clinical usability remains a significant hurdle for the widespread 
deployment of these advanced safe-interaction control strategies.

8. Conclusion and Future Perspectives

8.1 Summary of Key Findings
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This comprehensive analysis has systematically evaluated the impact of varying impedance control strategies on the safety 
and efficacy of wearable assistive exoskeletons in rehabilitation environments. The investigation fundamentally confirmed 
that traditional rigid position control is entirely unsuited for physical human-robot interaction due to its inability to manage 
biological resistance safely, resulting in hazardous interaction forces. The implementation of Fixed Impedance Control 
mitigates these extreme risks by introducing a compliant interface that mathematically bounds the application of torque,  
satisfying baseline physical safety criteria. However, the most significant findings emerged from the evaluation of Variable 
Impedance Control. By dynamically adjusting virtual stiffness and damping parameters in real-time response to kinematic 
errors and interaction forces, the variable strategy optimized the delicate balance between providing necessary therapeutic 
guidance and ensuring strict neurological and physical safety. The simulated data demonstrated that adaptive mechanisms 
are  highly  superior  in  neutralizing  sudden  pathological  events,  such  as  spasticity,  reducing  peak  interaction  forces  
drastically compared to static paradigms.

8.2 Future Research Trajectories

The evolution of exoskeleton control must continue to advance towards seamlessly integrating human intention and 
biological state into the robotic architecture. Future research should prioritize the fusion of advanced bio-signals, such as  
high-density  electromyography  and  electroencephalography,  directly  into  the  variable  impedance  control  loops.  By 
anticipating motor intentions before kinematic movement occurs, the exoskeleton can adjust its compliance proactively 
rather  than  reactively,  further  enhancing  safety  and  fluidity.  Additionally,  the  development  of  robust,  soft-tissue-
compensating sensor arrays will be crucial to overcoming current hardware limitations regarding accurate interaction force 
estimation. Machine learning and artificial intelligence present profound opportunities to create patient-specific dynamic 
models that continuously learn and update the safe operational boundaries over the course of a long-term rehabilitation 
program. Ultimately, the relentless pursuit of refining variable impedance control strategies will ensure that future wearable 
assistive exoskeletons are not merely mechanical orthoses, but highly intelligent, deeply cooperative, and fundamentally 
safe partners in human neurological recovery.
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