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A B S T R A C T

Background: Stroke is a leading cause of long-term motor disability worldwide, affecting approximately 80% of survivors.
Neurorehabilitation aims to harness neuroplasticity to restore motor function; however, determining the optimal level of task
difficulty to maximise motor learning remains a critical clinical challenge. The "Goldilocks Zone" where task difficulty is neither
too easy nor too demanding but appropriately calibrated to individual capability has emerged as a guiding concept in stroke
rehabilitation. Objective: This scoping review aimed to map evidence on the theoretical foundations, clinical applications, and
implementation of optimal challenge principles across diverse stroke neurorehabilitation interventions. Methods: A scoping review
was conducted following the Arksey and O'Malley framework and reported in accordance with PRISMA-ScR guidelines. Eight
electronic databases were systematically searched, supplemented by grey literature. Studies involving adults with confirmed stroke
diagnosis that examined optimal challenge, adaptive difficulty, or related constructs within motor rehabilitation were eligible. A total
of 242 records were identified; after duplicate removal and screening, 12 studies met all inclusion criteria and were included in the
final synthesis. Results: Preliminary evidence suggests that adaptive difficulty adjustment may support superior motor learning and
functional outcomes compared to fixed-difficulty approaches. The optimal challenge zone appears to correspond to success rates of
60-80%, with 70% emerging as the most commonly implemented target. Effective implementation suggests multi-dimensional
difficulty adjustment, continuous performance monitoring and individualised calibration. Conclusion: Optimal challenge the
Goldilocks Zone represents a theoretically well-grounded and clinically promising concepts for supporting neuroplasticity and
functional recovery after stroke. Systematic investigations and cautious adoption of adaptive difficulty principles, enabled by
advancing rehabilitation technologies, may represents a meaningful step toward personalised neurorehabilitation. Large-scale
randomised controlled trials and long-term follow-up studies are warranted to consolidate the evidence base.

Keywords: Stroke rehabilitation; Optimal challenge; Goldilocks Zone; Challenge Point Framework; Adaptive difficulty;
Neuroplasticity; Motor learning; Robot-assisted therapy; Virtual reality; Scoping review

INTRODUCTION

Stroke remains a leading cause of long-term disability worldwide, with motor
impairments affecting approximately 80% of survivors and significantly
limiting independence in activities of daily living1, 2. Neurorehabilitation aims
to harness neuroplasticity, the brain’s capacity to reorganize and form new
neural connections to restore motor function following stroke3, 4. However, a
critical challenge in rehabilitation practice is determining the optimal level of
task difficulty to maximize motor learning and functional recovery5. Tasks that
are too easy fail to drive neuroplastic changes, while tasks that are too difficult
can lead to frustration, learned non-use and maladaptive compensatory
strategies6-8.

The concepts of the “Goldilocks Zone,” representing conditions that are neither
excessively demanding nor insufficiently challenging but optimally calibrated,
has emerged as a guiding principle in neurorehabilitation. Applied to stroke
rehabilitation, this concept proposes that task difficulty should be precisely
matched to the individual’s current capability, thereby promoting engagement,
motivation and effective motor learning5, 9, 10. The theoretical foundation for
this concept is rooted in motor learning science, particularly the challenge
point framework, which posits that learning is maximized when task difficulty
is optimally balanced with learner’s skill level11.

Recent technological advances in robot-assisted therapy, virtual reality,
wearable sensors, and adaptive algorithms have enabled the systematic
investigation and implementation of optimal challenge principles in stroke
rehabilitation12-15. These technologies provide objective performance

measurement, real-time feedback and automated difficulty adjustment, offering
unprecedented opportunities to personalize rehabilitation and maintain patients
within their Goldilocks Zone throughout recovery.

Despite growing interest in optimal challenge as a rehabilitation principle, the
evidence base remains fragmented across modalities and lacks synthesis. The
present scoping review therefore aims to: (1) map the theoretical frameworks
underpinning the Goldilocks Zone concept in stroke rehabilitation; (2)
characterise how optimal challenge principles are operationalised across
diverse intervention modalities; (3) examine preliminary evidence comparing
adaptive to fixed-difficulty approaches; and (4) identify gaps and directions for
future research to advance evidence-based, personalised rehabilitation practice.

BACKGROUND AND THEORETICAL FOUNDATIONS

The Goldilocks Principle in Motor Learning: It postulates that optimal skill
acquisition occurs when task difficulty is appropriately matched to the
learner’s current ability level. This concept is grounded in decades of motor
learning research demonstrating that learning is neither a simple function of
practice quantity nor task difficulty alone but rather emerges from the
interaction between task demands and learner capabilities. When tasks are too
easy relative to skill level, they fail to provide sufficient challenge to drive
neuroplastic changes and skill refinement. Conversely, when tasks exceed
current capabilities, learners experience repeated failure, which can lead to
disengagement, frustration, and the development of compensatory strategies
that may hinder long-term recovery4, 16, 17.
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The optimal challenge zone refereed to here as the Goldilocks Zone represents
a region of task difficulty that is insufficiently demanding to promote motor
learning and neuroplasticity, yet sufficiently achievable to maintain
engagement and permit successful performance across the majority of trials.
This equilibrium is particularly relevant in stroke rehabilitation, where patients
present with heterogeneous impairment profiles, variable rates of recovery and
differing motivational characteristics. The Goldilocks principle therefore
highlights the necessity of individualised, dynamic adjustment of task
difficulty throughout the rehabilitation continuum5, 18, 19.

Challenge Point Framework (CPF): Developed by Guadagnoli and Lee,
provides the primary theoretical foundation for understanding optimal
challenge in motor learning. The CPF proposes that the optimal challenge
point for learning is determined by the interaction between task difficulty
(functional task difficulty) and the performer’s skill level (nominal task
difficulty). According to this framework, learning is maximized when the
challenge point, the amount of interpretive and elaborative processing required
is optimally matched to the learner’s current capabilities.

Several studies in this review explicitly applied the CPF to stroke
rehabilitation. Lotay et al., (2019) implemented CPF based exercise scheduling
in a mobile gaming device for hemiplegic stroke patients, demonstrating that
adaptive scheduling based on CPF principles produced faster learning
compared to fixed scheduling20. The study found that patients training with
CPF based adaptation performed better than those with fixed conditions,
though this effect was not observed in healthy volunteers performing near
ceiling, suggesting that optimal challenge is particularly critical for individuals
with impairments. Pollock et al., (2014) used the CPF to guide motor learning
of stepping reactions for improved balance control in stroke survivors,
providing a case series demonstrating the framework’s applicability to balance
and gait training21, 22.

The CPF emphasizes that optimal challenge is not static but must be
continuously adjusted as skill develops. This dynamic nature of the challenge
point has important implications for rehabilitation technology design,
necessitating systems capable of real-time performance assessment and
automated difficulty adjustment. The framework also highlights the importance
of contextual interference, the practice schedule variability that enhances long-
term retention, which can be integrated with optimal challenge principles to
maximize learning efficiency5, 18, 23, 24.

Neuroplasticity and Skill Acquisition: The neurological basis for optimal
challenge in stroke rehabilitation lies in activity-dependent neuroplasticity, the
principle that neural reorganization is driven by specific patterns of neural
activity associated with behavioural practice. Neuroplasticity research has
established several key principles relevant to the Goldilocks zone concept.
First, neuroplastic changes are use dependent: neural circuits that are
repeatedly activated are strengthened, while unused circuits may weaken.
Second plasticity is experience specific: the nature of the practice task shapes
the pattern of neural reorganization. Third, plasticity requires sufficient
intensity and repetition: minimal practice doses fail to induce lasting neural
changes25, 26.

Critically, research suggests that neuroplasticity is maximized when practice
occurs at an optimal level of difficulty. Tasks that are too easy may not provide
sufficient neural activation to drive plasticity, while tasks that are too difficult
may activate compensatory neural networks rather than promoting recovery of
normal movement patterns. Smith et al., (2016) reviewed the implications of
plasticity research for physiotherapy, emphasizing that task-oriented training
must provide appropriate challenge and motivation to drive motor recovery.
The authors noted that rehabilitation should progressively increase task
difficulty as patients improve, maintaining an optimal challenge level
throughout recovery27-29.

Ballester et al., (2022) proposed a model of “virtuous and vicious cycles” in
arm use and function post-stroke, suggesting that if arm use is raised above an
effective threshold through appropriately challenging practice, patients enter a
virtuous cycle where arm use and function reinforce each other via self-
practice29. Conversely, if challenge is insufficient to promote arm use above
this threshold, patients may enter a vicious cycle of declining use and function.
This model underscores the importance of maintaining optimal challenge to
promote sustained engagement and functional recovery30, 31.

The neuroplasticity literature also highlights the importance of feedback and
reward in driving learning. Optimal challenge is inherently motivating because
it provides frequent enough success to activate reward circuits while
maintaining sufficient difficulty to sustain engagement. This motivational

aspect is particularly important in stroke rehabilitation, where maintaining
patient engagement over extended practice periods is a significant clinical
challenge7, 18.

METHODS AND APPROACHES IN THE LITERATURE

This review is designed as a coping review following the PRSIMA extension
for Scoping Reviews (PRISMA-ScR) framework, selected to map the breadth
of evidence on optimal challenge in stroke rehabilitation across diverse
intervention modalities, identify key concepts and highlight gaps for future
research. This review does not aim to synthesise evidence to answer a specific
clinical question (as in systematic review), but rather to characterise the extent,
range and nature of available evidence Fig. 1. 

 

Fig. 1: Prisma-ScR flow Diagram
 

A systematic search was conducted across eight electronic databases:
MEDLINE, EMBASE, CINAHL, Cochrane Library, IEEE Xplore, PsycINFO,
Scopus, and Web of Science, supplemented by grey literature searching
(Google Scholar, ProQuest, citation tracking). Search terms were organised
into three Boolean blocks combining population terms (“stroke”,
“cerebrovascular accident”, “hemiplegia”), intervention and concept terms
(“optimal challenge”, “adaptive difficulty”, “challenge point framework”,
“dynamic difficulty adjustment”, “Goldilocks Zone”), and modality terms
(“robot-assisted therapy”, “virtual reality”, “treadmill training”, “task-oriented
training”), with no date restriction applied. 

Studies were eligible if they included adults with confirmed stroke diagnosis,
addressed motor rehabilitation, and examined optimal challenge, adaptive
difficulty, or related constructs (e.g., Challenge Point Framework, dynamic
difficulty adjustment). All study designs were eligible. Two independent
reviewers screened titles and abstracts, followed by full-text review;
disagreements were resolved by consensus. Data were extracted using a
standardised form capturing study design, population characteristics,
intervention details, difficulty adaptation mechanisms, outcomes, and
theoretical frameworks.

Quality appraisal was conducted descriptively using design-appropriate tools:
Cochrane RoB 2.0 for RCTs, ROBINS-I for non-randomised studies,
AMSTAR-2 for systematic reviews, and MMAT for conference papers and
theses Table. 3. A ten-item supplementary  quality scoring framework
(maximum 20 points) was additionally applied across all included studies; this
supplementary tool was selected because no single validated appraisal
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instrument covers the full heterogeneity of study designs included (empirical
trials, theoretical reviews, theses and conference papers), and its use alongside
design-specific tools allowed consistent quality grading Table. 2. Given
substantial methodological heterogeneity, findings were synthesised using
qualitative narrative synthesis organised around pre-specified themes:
theoretical frameworks, mechanisms of difficulty adaptation, adaptive versus
fixed difficulty evidence, optimal success rate targets, outcomes across
impairment levels, and clinical implementation considerations. Of 242 records
identified, duplicates were removed and title/abstract screening excluded
papers not addressing stroke motor rehabilitation or not examining optimal
challenge as a primary construct. Full-text review of 31 potentially eligible
papers was conducted; further exclusions were applied where studies addressed
challenge incidentally, lacked sufficient methodological details or fell outside
the pre-specified scope. Twelve studies met all inclusion criteria and were
included in the final synthesis.

Robot-Assisted Adaptive Training: It has emerged as a prominent platform for
implementing optimal challenge principles in stroke rehabilitation, offering
precise control over task parameters, objective performance measurement and
automated difficulty adjustment. Multiple studies in this review developed and
evaluated adaptive robotic systems designed to maintain patients within their
optimal challenge zone.

Metzger et al., (2014) showed that an adaptive robot-assisted therapy system
maintaining performance around a 70% success target was feasible and well-
received by stroke patients32. while the pilot study did not include a fixed-
difficulty control group, the successful maintenance of performance within the
target range and positive patient feedback supported the adaptive approach.
Zimmerli et al., (2014) validated a mechanism to balance exercise difficulty in
robot-assisted rehabilitation, demonstrating that adaptive difficulty
successfully maintained performance within target ranges and was associated
with motor improvements33.

Grimm et al., (2016) implemented closed-loop task difficulty adaptation during
virtual reality reach-to-grasp training assisted with an exoskeleton for stroke
rehabilitation34. Their system used real-time performance metrics to
dynamically adjust task parameters, demonstrating that adaptive difficulty
maintained patient engagement and promoted motor learning. Wang et al.,
(2022) developed a comprehensive control framework for adaptation of both
training task difficulty and robotic assistance, implementing a computational
model that optimized the balance between challenge and support to promote
motor learning35.

Several studies focused on specific aspects of difficulty adaptation in robotic
therapy. Basteris et al., (2015) developed a lag-lead based assessment and
adaptation of exercise speed for stroke survivors, using temporal performance
metrics to adjust movement speed requirements and maintain optimal
challenge36. Pan et al., (2019) conducted an experimental study on upper-limb
rehabilitation training based on adaptive task levels, demonstrating that
adaptive difficulty adjustment improved motor outcomes compared to fixed
difficulty37. Giang et al., (2020) developed a motor improvement estimation
and task adaptation system for personalized robot-aided therapy, implementing
algorithms that predicted patient improvement trajectories and adjusted
difficulty accordingly38.

The robotic therapy literature demonstrates several common principles for
implementing optimal challenge: (1) initial difficulty calibration based on
comprehensive assessment, (2) continuous performance monitoring using
objective metrics, (3) automated difficulty adjustment algorithms targeting
specific success rates or performance thresholds, (4) concurrent modulation of
task difficulty and robotic assistance, and (5) progressive reduction of
assistance as patients improves. These systems typically adjust multiple task
parameters including movement speed, workspace size, target accuracy
requirements, and the degree of robotic guidance or resistance.

Virtual Reality (VR) and Gaming Interventions: VR and gaming technologies
provide flexible platforms for implementing adaptive difficulty in stroke
rehabilitation, offering engaging, motivating environments with precise control
over task parameters and immediate performance feedback. Several studies in
this review developed and evaluated VR-based interventions incorporating
optimal challenge principles.

Rubino et al., (2024) investigated gamified practice for improving paretic arm
motor behavior in stroke survivors, demonstrating that game-based
interventions with adaptive difficulty improved motor outcomes39. The study
emphasized the importance of balancing challenge and skill to maintain
engagement and promote learning. Fridman D (2021) designed a game for

upper limb rehabilitation following stroke that incorporated adaptive gameplay
to balance physical and cognitive challenge with patient skill level40. The
design process emphasized the importance of providing appropriate challenge,
feedback, and progression to facilitate motor learning and maintain motivation.

Lobo P H (2024) developed a dynamic difficulty adjustment framework for
serious games applications in neurorehabilitation, providing a systematic
approach to implementing adaptive challenge in game-based rehabilitation41.
The framework emphasized the need for real-time performance assessment and
automated difficulty scaling to maintain patients within their optimal learning
zone. Li et al., (2025) developed an online regulation system for task difficulty
based on neuro- and motor-feedback to improve engagement in visual-motor
tasks, demonstrating that adaptive difficulty based on physiological and
performance metrics enhanced patient engagement42.

VR and gaming interventions typically implement difficulty adaptation through
multiple mechanisms including: (1) adjusting target size, speed, or trajectory
complexity, (2) modulating the number of distractors or obstacles, (3) varying
the time constraints for task completion, (4) scaling the cognitive demands of
dual-task paradigms, and (5) providing adaptive feedback and scaffolding.
These systems often incorporate game design principles such as progressive
level structures, achievement systems, and narrative elements to enhance
motivation and engagement while maintaining optimal challenge.

The gaming literature emphasizes the importance of the "flow state" a
psychological state of optimal engagement that occurs when challenge and
skill are appropriately balanced. This concept aligns closely with the
Goldilocks Zone principle and highlights the motivational benefits of
maintaining optimal challenge. Several studies noted that adaptive difficulty
not only improved motor learning outcomes but also enhanced patient
engagement, adherence, and satisfaction with rehabilitation.

Treadmill and Gait Training: Treadmill training represents an important
application domain for optimal challenge principles in stroke rehabilitation,
with several studies examining how challenge level influences gait recovery
outcomes. Olsen et al., (2023) conducted a systematic review and meta-
analysis examining whether challenge level contributes to the efficacy of
treadmill interventions after stroke. The review analysed 23 studies and found
that higher challenge levels operationalized through factors such as faster
speeds, incline, dual-task conditions, or reduced body weight support were
associated with greater improvements in gait speed and walking capacity. The
meta-analysis provided quantitative evidence that challenge level is a critical
determinant of treadmill training efficacy, with effect sizes increasing as
challenge increased within the feasible range for patients43.

Forrester et al., (2011) evaluated ankle training with a robotic device for
improving hemiparetic gait after stroke, implementing adaptive difficulty
adjustment based on patient performance. The study demonstrated that robot-
assisted ankle training with appropriate challenge levels improved gait
parameters including speed, symmetry, and ankle kinematics. The adaptive
system adjusted the difficulty of ankle movement tasks to maintain patients
within their optimal performance range, promoting motor learning while
preventing excessive frustration or fatigue44.

The treadmill training literature highlights several mechanisms for
implementing optimal challenge in gait rehabilitation: (1) progressive increases
in walking speed as patients improve, (2) gradual reduction of body weight
support to increase the challenge of maintaining balance and propulsion, (3)
introduction of incline or decline walking to vary task demands, (4)
incorporation of dual-task paradigms that add cognitive or motor challenges,
and (5) use of perturbations or obstacles to challenge balance and adaptability.
These approaches share the common principle of systematically increasing task
demands in response to patient improvement, maintaining an appropriate level
of challenge throughout rehabilitation.

An important consideration in gait training is the balance between challenge
and safety. Unlike upper extremity training where errors have minimal
consequences, gait training involves fall risk that must be carefully managed.
Adaptive treadmill systems typically incorporate safety features such as body
weight support harnesses while still providing sufficient challenge to drive
learning. The optimal challenge in gait training must therefore consider not
only motor learning principles but also safety constraints and patient
confidence.

Task Oriented Practice: Rehabilitation focused on practicing functional tasks
relevant to daily living represents a foundational approach in stroke
rehabilitation that inherently incorporates optimal challenge principles. Several
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studies in this review examined how optimal challenge is implemented in task-
oriented training paradigms.

Woodbury et al., (2016) conducted a proof-of-concept study demonstrating
that matching task difficulty to patient ability during task practice improves
upper extremity motor skill after stroke. The study implemented a systematic
approach to difficulty matching, adjusting task parameters such as object size,
weight, and placement to maintain appropriate challenge for each patient's
ability level. Results showed that patients receiving difficulty-matched training
demonstrated greater improvements in motor skill compared to standard
practice, providing direct evidence for the importance of optimal challenge in
task-oriented training45.

Platz et al., (2018) reviewed Arm Ability Training (AAT), a task-oriented
approach that promotes dexterity recovery through systematic practice of
functional tasks with progressive difficulty. The AAT approach emphasizes the
importance of selecting tasks that are challenging yet achievable, providing
clear performance criteria, and systematically progressing difficulty as patients
improve. The review highlighted the neurobiological basis for AAT's
effectiveness, noting that appropriately challenging task practice drives
neuroplastic changes in motor cortex and associated networks46.

Durairaj et al., (2025) conducted a scoping review of motor learning principles
reported in stroke trials of upper limb task-oriented training. The review
identified optimal challenge as a key motor learning principle, noting that
many successful task-oriented training protocols incorporated systematic
difficulty progression and individualized task selection to maintain appropriate
challenge. However, the review also noted that many studies failed to explicitly
describe how challenge was calibrated or adjusted, highlighting a gap in the
reporting and implementation of optimal challenge principles in task-oriented
practice47.

Pollock et al., (2014) used the Challenge Point Framework to guide motor
learning of stepping reactions for improved balance control in stroke survivors,
providing detailed case examples of how CPF principles can be applied to
task-oriented balance training. The cases demonstrated systematic progression
of task difficulty based on patient performance, with therapists adjusting
parameters such as step distance, speed requirements, and dual-task demands
to maintain optimal challenge22.

Task-oriented practice typically implements optimal challenge through: (1)
careful selection of functional tasks matched to patient goals and abilities, (2)
systematic manipulation of task parameters such as object properties, spatial
requirements, and temporal constraints, (3) progression through hierarchies of
task difficulty as patients improve, (4) incorporation of variable practice
conditions to enhance learning, and (5) provision of appropriate feedback and
guidance to support success while maintaining challenge. Unlike technology-
based interventions, task-oriented practice often relies on therapist judgment
and experience to calibrate and adjust difficulty, though recent work has begun
to develop more systematic approaches to difficulty matching.

RESULTS

Evidence for Adaptive vs Fixed Difficulty: A central question addressed by
the literature is whether adaptive difficulty adjustment produces superior
outcomes compared to fixed-difficulty training. Multiple studies provide
evidence supporting the superiority of adaptive approaches.

Lotay et al., (2019) demonstrated that stroke patients training with Challenge
Point Framework-based adaptive scheduling performed better than those
training with fixed conditions, though this effect was not observed in healthy
volunteers performing near ceiling20. This finding suggests that adaptive
difficulty is particularly beneficial for individuals with impairments who are
operating below ceiling performance. Woodbury et al., (2016) provided proof-
of-concept evidence that matching task difficulty to patient ability during task
practice improves upper extremity motor skill after stroke compared to
standard practice45. The study's systematic approach to difficulty matching
demonstrated that individualized calibration of challenge produces measurable
benefits in motor outcomes.

Metzger et al., (2014) showed that an adaptive robot-assisted therapy system
maintaining performance around a 70% success target was feasible and well-
received by stroke patients32. While the pilot study did not include a fixed-
difficulty control group, the successful maintenance of performance within the
target range and positive patient feedback supported the adaptive approach.
Zimmerli et al., (2012) validated a mechanism to balance exercise difficulty in
robot-assisted rehabilitation, demonstrating that adaptive difficulty

successfully maintained performance within target ranges and was associated
with motor improvements33.

Olsen et al., (2023) systematic review and meta-analysis of treadmill
interventions provided population-level evidence that higher challenge levels
are associated with greater improvements in gait outcomes43. The meta-
analysis found that interventions incorporating higher challenge through faster
speeds, incline, or reduced support produced larger effect sizes for gait speed
and walking capacity compared to lower-challenge interventions. This dose-
response relationship between challenge level and outcomes supports the
importance of maintaining appropriate challenge in gait training.

Several studies compared adaptive robotic assistance to fixed assistance levels.
Squeri et al., (2012) demonstrated that concurrent regulation of task difficulty
and degree of assistance allowed severely impaired stroke survivors to engage
in meaningful practice that would not be possible with fixed difficulty or
assistance levels48. Wang et al., (2022) showed that adaptive control of both
task difficulty and robotic assistance promoted motor learning more effectively
than fixed parameters35. These findings suggest that adaptive approaches are
particularly important for patients with severe impairments who require
substantial assistance initially but can benefit from progressive challenge
increases as they improve.

The comparative evidence consistently supports adaptive difficulty adjustment
over fixed approaches, with benefits observed across multiple intervention
modalities including robot-assisted therapy, task-oriented practice, and
treadmill training. The magnitude of benefit appears to be greatest for patients
with moderate to severe impairments, where the gap between current ability
and task demands is substantial and requires careful calibration.

Optimal Success Rate Targets: A practical question for implementing optimal
challenge is determining the target success rate that defines the Goldilocks
Zone. Several studies in this review investigated specific success rate targets.

Metzger et al., (2014) implemented a 70% success rate target in their adaptive
hand rehabilitation robot, based on motor learning literature suggesting this
represents an optimal balance between challenge and achievable success32.
The system successfully maintained patient performance around this target,
and patients reported appropriate challenge levels. This 70% target has
theoretical grounding in the Challenge Point Framework, which suggests that
moderate success rates (neither too high nor too low) optimize the interpretive
processing required for learning.

Brown et al., (2016) discussed the principle of designing robots that challenge
to optimize motor learning, emphasizing that success rates in the 60-80% range
appear to maximize learning across various motor tasks49. This range provides
sufficient success to maintain motivation and activate reward circuits while
ensuring enough challenge to drive skill refinement and neuroplastic changes.
Success rates above 80-90% may indicate insufficient challenge, while rates
below 50-60% may indicate excessive difficulty leading to frustration and
maladaptive strategies.

Several studies implemented adaptive algorithms targeting performance within
specific ranges rather than fixed success rates. Zimmerli et al., (2012) adjusted
difficulty to maintain performance within a target range, allowing for some
variability while preventing performance from drifting too far from the optimal
zone33. This approach recognizes that optimal challenge may vary somewhat
across individuals and contexts, and that maintaining performance within a
range rather than at a fixed point may be more practical and effective.

The success rate target literature suggests that the optimal zone is relatively
broad (approximately 60-80% success) rather than a precise point, and that
maintaining performance within this range is more important than hitting a
specific target. The optimal target may also vary depending on the specific
task, patient characteristics, and rehabilitation goals. For example, tasks
emphasizing accuracy may benefit from slightly higher success rates (70-80%)
to reinforce correct movement patterns, while tasks emphasizing problem-
solving or adaptability may benefit from slightly lower success rates (60-70%)
to promote exploration and cognitive engagement.

Mechanisms of Difficulty Adaptation: The literature reveals diverse
mechanisms for implementing difficulty adaptation across different
intervention modalities. Understanding these mechanisms is critical for
translating optimal challenge principles into clinical practice.

In robot-assisted therapy, difficulty adaptation typically involves modulating
multiple parameters including: (1) the degree of robotic assistance or resistance
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Table 1: Summary table of the key findings

Author
(Year) Intervention Type Population Key Findings

Success Rate /
Challenge
Target

Outcome Measures

Lotay, et al.
(2019)

CPF-based adaptive
self-exercise
scheduling

Stroke patients &
healthy volunteers

Adaptive scheduling benefited stroke patients but not healthy
volunteers near ceiling performance Not specified Motor performance

scores

Woodburry,
et al.
(2016)

Task-oriented upper
extremity practice

Stroke patients
with UE
impairment

Matching task difficulty to patient ability improved upper
extremity motor skill vs standard practice Not specified Upper extremity motor

skill

Metzger, et
al. (2014)

Robot-assisted hand
rehabilitation

Subacute stroke
patients

Adaptive system maintaining 70% success target was
feasible, well-received and maintained performance within
target range

70%
Feasibility, patient-
reported challenge,
motor performance

Zimmerli,
et al.
(2012)

Robot-assisted upper
extremity
rehabilitation

Stroke patients
Validated adaptive mechanism successfully maintained
performance within target ranges; associated with motor
improvements

Target range
maintained

Motor improvement,
exercise balance
validation

Olsen, et
al. (2023)

Treadmill training
(SR & MA) Stroke patients

Higher challenge levels (faster speeds, incline, reduced
support) associated with greater gait improvement; dose-
response relationship confirmed

Higher challenge
larger = larger
effect size

Gait speed, walking
capacity

Squeri, et
al. (2012)

Robot-assisted
therapy (BioRob)

Severely impaired
stroke survivors

Concurrent regulation of task difficulty and assistance level
enabled meaningful practice impossible with fixed
parameters

Not specified
Engagement in active
practice, motor
performance

Brown, et
al. (2016)

Robotic therapy
design principles

Theoretical/ design
framework

Success rates of 60-80% maximize motor learning; above 80-
90% insufficient challenge; below 50-60% excessive
difficulty

60-80% Motor learning
(theoretical)

provided, (2) the size and location of movement targets, (3) the speed
requirements for task completion, (4) the accuracy tolerances for successful
performance, and (5) the complexity of movement trajectories. Metzger et al.,
(2014) adjusted exercise parameters including range of motion requirements,
force thresholds, and timing constraints based on patient performance32. Squeri
et al., (2012) implemented concurrent regulation of task difficulty and
assistance level, increasing task demands while reducing assistance as patients
improved48. Wang et al., (2022) developed a comprehensive control
framework that optimized the balance between task difficulty and robotic
support based on a computational model of motor learning35.

In virtual reality and gaming interventions, difficulty adaptation mechanisms
include: (1) adjusting target size, speed, or trajectory, (2) modulating the
number and behavior of obstacles or distractors, (3) varying time limits for task
completion, (4) scaling cognitive demands through dual-task requirements, and
(5) adjusting feedback specificity and frequency. Grimm et al., (2016)
implemented closed-loop adaptation that adjusted multiple task parameters in
real-time based on performance metrics34. Lobo (2024) developed a systematic
framework for dynamic difficulty adjustment in serious games that considered
multiple dimensions of challenge41.

In treadmill and gait training, difficulty adaptation mechanisms include: (1)
progressive increases in walking speed, (2) gradual reduction of body weight
support, (3) introduction of incline or decline, (4) addition of dual-task
cognitive or motor challenges, and (5) incorporation of perturbations or
obstacles. Olsen et al., (2023) meta-analysis identified these challenge-
increasing mechanisms and demonstrated their association with improved
outcomes43. Forrester et al., (2011) adjusted the difficulty of ankle movement
tasks during robotic gait training based on patient performance44.

In task-oriented practice, difficulty adaptation mechanisms include: (1)
manipulation of object properties (size, weight, shape), (2) adjustment of
spatial requirements (reach distance, target location), (3) modification of
temporal constraints (speed requirements, time limits), (4) variation of
environmental context (support surface, lighting, distractions), and (5)
progression through task hierarchies. Woodbury et al., (2016) systematically
adjusted these parameters to match task difficulty to patient ability45. Platz et
al., (2018) described the systematic difficulty progression in Arm Ability
Training46.

Common across these diverse mechanisms is the principle of multi-
dimensional difficulty adjustment. Effective adaptive systems typically
modulate multiple task parameters simultaneously to maintain optimal
challenge, recognizing that difficulty is not a single dimension but emerges
from the interaction of multiple task and environmental factors. Additionally,
most successful systems implement gradual, incremental difficulty adjustments
rather than large discrete changes, allowing patients to adapt progressively to
increasing demands.

Outcomes across Impairment Levels: An important consideration is whether
optimal challenge principles apply equally across the spectrum of stroke
severity, from mild to severe impairments. The literature provides evidence
that adaptive difficulty is beneficial across impairment levels, though the
specific implementation may differ.

For severely impaired patients, several studies demonstrated that adaptive
systems enabling meaningful practice that would otherwise be impossible are
particularly valuable. Squeri et al., (2012) developed a system specifically for
severely impaired stroke survivors that provided substantial robotic assistance
initially while maintaining appropriate challenge through task difficulty
modulation48. The system allowed severely impaired patients to engage in
active practice by providing the support necessary for task completion while
ensuring tasks remained challenging. Choi et al., (2009) developed an adaptive
automated robotic system that accommodated a wide range of impairment
levels through flexible adjustment of both assistance and task difficulty50.

For moderately impaired patients, the literature suggests that adaptive
difficulty is critical for maintaining engagement and promoting continued
improvement. Metzger et al., (2014) studied in subacute stroke patients with
moderate impairments demonstrated that adaptive difficulty maintained
appropriate challenge throughout recovery32. Woodbury et al., (2016) studied
in patients with moderate upper extremity impairments showed that difficulty
matching improved motor skill acquisition45. These studies suggest that the
middle range of impairment where patients have some functional capacity but
substantial room for improvement may be where optimal challenge principles
have the greatest impact.

For mildly impaired patients, the literature provides less direct evidence,
though several studies suggest that maintaining challenge remains important to
prevent plateaus and promote continued refinement of motor skills. Lotay et
al., (2019) found that adaptive difficulty based on Challenge Point Framework
principles benefited stroke patients but not healthy volunteers performing near
ceiling, suggesting that once patients approach normal function, the benefits of
adaptive difficulty may diminish. However, this does not imply that challenge
is unimportant for mildly impaired patients, but rather that the challenge must
come from increasingly complex, functional tasks rather than basic movement
parameters20.

The literature also suggests that optimal challenge principles may be
particularly important during specific phases of recovery. Several studies
focused on subacute stroke patients (within the first 6 months post-stroke), a
period characterized by rapid spontaneous recovery and heightened
neuroplasticity. Maintaining optimal challenge during this critical window may
maximize the benefits of rehabilitation. However, studies in chronic stroke
patients (>6 months post-stroke) also demonstrated benefits of adaptive
difficulty, suggesting that optimal challenge principles remain relevant
throughout the recovery trajectory Table. 1.
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Author
(Year) Intervention Type Population Key Findings

Success Rate /
Challenge
Target

Outcome Measures

Wang, et
al. (2022)

Upper limb
rehabilitation robot
(adaptive control)

Stroke patients
Adaptive control framework optimizing task difficulty and
robotic assistance promoted motor learning more effectively
than fixed parameters

Not specified
Motor learning
outcomes, control
framework validation

Grimm, et
al. (2016)

VR reach to grasp
with exoskeleton Stroke patients Closed-loop adaptation of task difficulty in real-time based

on performance metrices improved rehabilitation outcomes Not specified
Reach to grasp
performance,
neurophysiological
measures

Lobo P H
(2024)

Dynamic difficulty
adjustment in serious
games

Neurorehabilitation
population

Systematic multi-dimensional framework for dynamic
difficulty adjustment developed for serious games in
neurorehabilitation

Not specified
Framework validation,
game performance
metrices

Platz, et al.
(2018)

Arm ability training
(AAT)

Stroke patients
with dexterity
impairment

Systematic difficulty progression in AAT promotes dexterity
recovery; reviewed clinical effectiveness and neurobiological
mechanisms

Systematic
progression

Dexterity outcomes,
neurobiological
evidence

Choi, et al.
(2009)

Adaptive automated
robotic task-practice

Stroke patients
across impairment
levels

Adaptive robotic system accommodated wide range of
impairment levels through flexible adjustment of assistance
and task difficulty

Not specified
Arm function,
adaptability across
impairment severity

Table 2: Article quality assessment summary

First
Author 
(Year)

Clarity of
Objectives 
(0–2)

Methodological
Rigour 
(0–2)

Sample
Size
Adequacy 
(0–2)

Outcome
Measure
Validity 
(0–2)

Statistical
Analysis 
(0–2)

Generalisability 
(0–2)

Clinical
Relevance 
(0–2)

Limitations
Discussed 
(0–2)

Replicability 
(0–2)

Evidence
Level 
(0–2)

Total
Score 
(20)

Overall 
Quality

Lotay, et
al. (2019) 2 1 1 1 1 1 2 1 1 2 13 Moderate

Woodbury
et al.
(2016)

2 1 1 2 1 1 2 2 1 2 15 High

Metzger
et al.
(2014)

2 1 1 2 1 1 2 2 1 1 14 Moderate

Zimmerli
et al.
(2012)

2 2 1 2 1 1 2 1 2 1 15 High

Olsen et
al. (2023) 2 2 2 2 2 2 2 2 2 2 20 High

Squeri et
al. (2012) 1 1 0 1 1 1 2 1 0 2 10 Moderate

Brown et
al. (2016) 2 1 0 1 0 2 2 1 1 2 12 Moderate

Wang et
al. (2022) 2 2 1 2 2 1 2 2 2 2 18 High

Grimm et
al. (2016) 2 2 1 2 1 1 2 2 1 2 16 High

Lobo PH
(2024) 2 1 1 1 1 1 2 1 1 0 11 Moderate

Platz &
Lotze
(2018)

2 1 1 2 1 2 2 2 1 2 16 High

Choi, et
al. (2009) 2 2 1 2 2 1 2 2 2 2 18 High

Each Criteria rated as: 0-absent/poor, 1-partial, 2- fully met Quality: ≥ 15 High, 10-14 Moderate, <10 Low

 

 

 

 

DISCUSSION

Synthesis of Evidence: Taken together, the available evidence suggests several
convergent themes, though the largely preliminary nature of the included
studies necessitates that these be treated as indicative rather than definitive
findings.

First, available evidence suggests that adaptive difficulty adjustment may
support superior motor learning outcomes compared to fixed-difficulty
approaches across multiple intervention modalities, including robot-assisted
therapy, virtual reality, treadmill training and task-oriented practice. Studies
directly comparing adaptive to fixed difficulty reported benefits in motor
function, skill acquisition and engagement, though many were underpowered
and lacked robust controls20, 45. Meta-analytic evidence from treadmill
training showed a dose-response relationship between challenge level and gait
outcomes43. This convergent pattern across diverse methodologies and
outcome measures suggests that maintaining optimal challenge is an important
principle in stroke rehabilitation, though the preliminary and heterogenous 

 

nature of many included studies warrants cautious interpretation pending larger
confirmatory trials.

Second, the optimal challenge zone appears to correspond to success rates in
the 60-80% range, with 70% emerging as a common target in the literature32,
49. This range represents a balance between sufficient challenge to drive
learning and neuroplasticity, and sufficient success to maintain motivation and
reinforce correct movement patterns. The relatively broad optimal range (rather
than a precise point) suggests that maintaining performance within this zone is
more important than hitting a specific target, and that some individual
variability in optimal challenge is expected and acceptable.

Third, effective implementation of optimal challenge requires multi-
dimensional difficulty adjustment, continuous performance monitoring, and
individualized calibration. Successful adaptive systems modulate multiple task
parameters simultaneously (e.g., speed, accuracy requirements, assistance
level, complexity) rather than adjusting a single dimension35, 48. Real-time
performance assessment enables responsive difficulty adjustment that
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maintains patients within their optimal zone as skills develop34. Initial
difficulty calibration based on comprehensive assessment ensures appropriate
starting points for individual patients32.

Fourth, optimal challenge principles appear to be beneficial across the
spectrum of stroke severity, though implementation differs based on
impairment level. For severely impaired patients, adaptive systems that provide
substantial assistance while maintaining task challenge enable meaningful
practice that would otherwise be impossible48, 50. For moderately impaired
patients, adaptive difficulty maintains engagement and promotes continued
improvement through the recovery process32, 45. The evidence suggests that
the middle range of impairment may be where optimal challenge principles
have the greatest impact, though benefits extend across the severity spectrum.

Fifth, the theoretical foundation for optimal challenge is well-established in
motor learning science, particularly the Challenge Point Framework, which
provides a principled basis for understanding how task difficulty and learner
skill interact to determine learning outcomes1, 2. The neurobiological basis lies
in activity-dependent neuroplasticity, with appropriately challenging practice
driving neural reorganization and functional recovery27, 29. The convergence
of theoretical, neurobiological, and preliminary empirical evidence provides a
promising foundation for the Goldilocks Zone concept in neurorehabilitation,
though definitive conclusions await adequately power trials.

Theoretical Basis and Implications:The evidence reviewed has several
important theoretical implications for understanding motor learning and
recovery after stroke. The consistent benefits of adaptive difficulty across
diverse interventions suggest that optimal challenge is a fundamental principle
of motor learning rather than a modality-specific phenomenon. Whether
implemented through robotic assistance, virtual reality, treadmill training, or
task-oriented practice, maintaining appropriate challenge appears to be a
critical determinant of learning outcomes. This universality suggests that
optimal challenge should be considered a core principle in rehabilitation theory
and practice35, 36.

The success of adaptive approaches challenges traditional rehabilitation
paradigms that often employ standardized protocols with fixed difficulty
progressions. The evidence suggests that individualized, responsive difficulty
adjustment based on continuous performance monitoring is superior to
predetermined progression schedules. This has implications for how
rehabilitation protocols are designed and implemented, emphasizing the need
for flexibility and personalization rather than rigid standardization32, 33.

The integration of Challenge Point Framework principles with neuroplasticity
research provides a comprehensive theoretical model linking behavioral
practice parameters to neural mechanisms of recovery. The CPF explains how
task difficulty and learner skill interact to determine the cognitive processing
required for learning, while neuroplasticity research explains how this
processing drives neural reorganization. This integrated model provides a
mechanistic understanding of why optimal challenge is critical for recovery
and offers guidance for optimizing rehabilitation interventions37, 39.

The concept of virtuous and vicious cycles in arm use and function extends
optimal challenge principles beyond individual practice sessions to consider
the broader context of daily living and long-term recovery. This perspective
suggests that rehabilitation must not only provide optimal challenge during
therapy sessions but also promote sufficient arm use in daily activities to
maintain a virtuous cycle of use and function. This has implications for home-
based rehabilitation, self-practice, and the transition from formal therapy to
independent function27, 29.

The motivational dimensions of optimal challenge including the promotion of
engagement, promoting flow states, and reward-circuit activation underscore
the importance of attending to psychological as well as biomechanical factors
in rehabilitation design. The Goldilocks Zone concept thus extends beyond
motor learning theory to encompass motivational science, reinforcing the view
that effective rehabilitation must address both the physical and psychological
determinants of recovery.

Methodological Considerations and Limitations of the Evidence: Several
methodological considerations are important for interpreting the evidence base
of this review. A key limitation is that the majority of included studies were
pilot studies, feasibility investigations, or non-randomised designs with small
samples, substantially limiting statistical power, generalisability and the ability
to draw causal inferences. These studies offer valuable proof-of-concept data
and demonstrate feasibility but are insufficient to establish efficacy. Findings

should therefore be interpreted as preliminary and hypothesis-generating rather
than conclusive. Larger, adequately powered randomised controlled trials with
active control conditions are required before definitive clinical
recommendations can be made.

There is substantial heterogeneity in how optimal challenge is operationalized
and measured across studies. Some studies target specific success rates, others
adjust difficulty based on performance thresholds, and still others use therapist
judgment to calibrate challenge32, 33, 45. This heterogeneity makes it difficult
to compare findings across studies and synthesize evidence about optimal
implementation approaches. Greater standardization in how optimal challenge
is defined, measured, and implemented would facilitate evidence synthesis and
clinical translation.

Outcome measures vary widely across studies, including impairment-level
measures (e.g., Fugl-Meyer Assessment), activity-level measures (e.g., Action
Research Arm Test, gait speed), and participation-level measures (e.g., quality
of life, community integration). While this diversity reflects the
multidimensional nature of stroke recovery, it complicates efforts to determine
which outcomes are most sensitive to optimal challenge interventions and
which are most clinically meaningful. Future research should include
comprehensive outcome batteries spanning multiple levels of the International
Classification of Functioning, Disability and Health (ICF) framework.

Studies focus on short-term outcomes measured immediately post-intervention
or at short follow-up periods. Fewer studies examine long-term retention of
gains or the durability of benefits from optimal challenge interventions. Given
that stroke rehabilitation aims to produce lasting functional improvements,
longer-term follow-up studies are critical for establishing the sustained benefits
of adaptive difficulty approaches.

Most studies examine optimal challenge in the context of supervised, clinic-
based rehabilitation. Fewer studies have investigated how optimal challenge
principles can be implemented in home-based or self-directed rehabilitation,
despite the importance of continued practice outside formal therapy sessions.
Research on technology-enabled home rehabilitation with adaptive difficulty is
an important direction for extending optimal challenge principles beyond the
clinic.

There is limited evidence comparing different adaptive algorithms or difficulty
adjustment strategies. While many studies demonstrate that adaptive difficulty
is superior to fixed difficulty, fewer studies compare different approaches to
implementing adaptation (e.g., success rate targets vs. performance thresholds,
single-parameter vs. multi-parameter adjustment, continuous vs. discrete
difficulty changes). Comparative effectiveness research examining different
adaptive strategies would inform optimal implementation.

Clinical Implications and Recommendations: The evidence reviewed has
important implications for implementing optimal challenge principles in
clinical stroke rehabilitation practice. Clinicians should adopt an
individualized, assessment-driven approach to difficulty calibration. Initial
difficulty should be based on comprehensive assessment of patient capabilities
across relevant domains (motor, sensory, cognitive) rather than standardized
starting points32. This requires developing or adopting assessment tools that
provide sufficient detail to inform difficulty calibration and that can be
efficiently administered in clinical settings.

Clinicians should implement systematic, continuous monitoring of patient
performance to guide difficulty adjustment. Rather than relying solely on
periodic formal assessments, clinicians should track performance metrics
during each practice session (e.g., success rates, movement quality, effort level)
and use these data to adjust difficulty responsively33. This requires developing
practical methods for performance tracking that do not impose excessive
burden on clinicians or interrupt the flow of therapy.

Difficulty adjustment should be multi-dimensional, modulating multiple task
parameters to maintain optimal challenge. Clinicians should consider adjusting
object properties, spatial requirements, temporal constraints, environmental
context, and the degree of assistance or guidance provided45, 46. This multi-
dimensional approach allows for fine-grained calibration of challenge and
prevents patients from reaching ceiling on any single dimension while other
dimensions remain unchallenged.

Clinicians should target success rates in the 60-80% range as a practical
heuristic for optimal challenge, adjusting difficulty when performance
consistently falls outside this range32, 49. While individual patients may have
somewhat different optimal zones, this range provides a reasonable starting
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point. Clinicians should also attend to qualitative indicators of appropriate
challenge including patient engagement, effort level, and emotional responses
(frustration vs. satisfaction).

Difficulty progression should be gradual and incremental rather than large
discrete jumps. Small, frequent difficulty increases allow patients to adapt
progressively to increasing demands and reduce the risk of overwhelming
patients with excessive challenge33. This principle of gradual progression
applies across all intervention modalities and should be a standard feature of
rehabilitation protocols.

Clinicians should explicitly discuss optimal challenge principles with patients,
explaining the rationale for difficulty adjustments and involving patients in the
process of calibrating challenge. Patient input on perceived difficulty, effort,
and satisfaction can complement objective performance metrics in guiding
difficulty adjustment. This collaborative approach promotes patient
engagement and self-efficacy.

Technology plays a critical role in enabling systematic implementation of
optimal challenge principles, offering capabilities for objective performance
measurement, automated difficulty adjustment, and data-driven decision
support. Several recommendations emerge for technology integration in
clinical practice.

Rehabilitation technologies should incorporate adaptive difficulty algorithms
as a core feature rather than an optional add-on. The evidence clearly supports
adaptive over fixed difficulty, suggesting that adaptive capability should be a
standard requirement for rehabilitation technologies20, 33, 34. Technology
developers should prioritize implementing robust, validated adaptive
algorithms in robotic systems, virtual reality platforms, and other rehabilitation
technologies.

Technologies should provide clinicians with clear, actionable performance data
to inform difficulty adjustment decisions. User interfaces should display key
metrics such as success rates, movement quality indicators, and performance
trends in formats that are easily interpretable and support clinical decision-
making32. Data visualization tools that show performance relative to target
ranges or optimal zones can help clinicians quickly assess whether difficulty
adjustments are needed. Technologies should allow for flexible, clinician-
controlled difficulty adjustment in addition to automated adaptation. While
automated algorithms can handle routine difficulty adjustments, clinicians
should retain the ability to override automated decisions based on clinical
judgment, patient feedback, or other contextual factors33. This hybrid approach
combines the efficiency of automation with the expertise and contextual
awareness of clinicians. 

Technologies should support home-based rehabilitation with adaptive
difficulty, extending optimal challenge principles beyond clinic-based therapy.
Home rehabilitation systems should incorporate simplified adaptive algorithms
that can function with minimal supervision while providing data to clinicians
for remote monitoring and adjustment49. This extends the dose of
appropriately challenging practice beyond formal therapy sessions.
Technologies should be designed with implementation barriers in mind,
including cost, setup time, training requirements, and integration with clinical
workflows. Even highly effective technologies will have limited impact if
implementation barriers prevent widespread adoption. Technology developers
should engage with clinicians and healthcare systems throughout the
development process to ensure technologies are practical and feasible for real-
world clinical use.

Effective implementation of optimal challenge requires robust personalization
based on comprehensive assessment of individual patient characteristics.
Several recommendations address personalization and assessment.
Rehabilitation programs should incorporate comprehensive baseline
assessments that evaluate motor, sensory, cognitive, and psychological factors
relevant to task performance and learning. These assessments should provide
sufficient detail to inform initial difficulty calibration across multiple task
dimensions32. Standardized assessment batteries that are efficient to administer
and provide actionable data for difficulty calibration would facilitate
implementation.

Assessment should be ongoing throughout rehabilitation, not limited to
baseline and outcome time points. Frequent assessment enables responsive
difficulty adjustment and allows for detection of plateaus or declines that may
require intervention modifications33. Technologies that embed assessment
within practice activities (e.g., robotic systems that measure performance

during therapy) can reduce assessment burden while providing continuous
data.

Personalization should consider not only current performance levels but also
individual learning rates, recovery trajectories, and response to different types
of challenge. Some patients may benefit from more aggressive difficulty
progression, while others may require more gradual increases38. Adaptive
algorithms that learn individual patient characteristics and adjust difficulty
accordingly represent an important direction for personalized rehabilitation. It
should extend beyond impairment-level factors to consider patient goals,
preferences, and life contexts. Optimal challenge in task-oriented practice
should be calibrated relative to tasks that are meaningful and relevant to
individual patients' daily activities and participation goals45, 46. This patient-
centered approach ensures that rehabilitation addresses outcomes that matter to
patients.

Assessment and personalization should consider the multidimensional nature
of stroke recovery, including motor, cognitive, emotional, and social factors.
Optimal challenge in one domain (e.g., motor difficulty) may need to be
balanced against challenges in other domains (e.g., cognitive load, emotional
stress). Comprehensive assessment and personalization should consider these
interactions and optimize challenge across multiple dimensions simultaneously.

Future Directions: Several important directions for future research emerge
from this scoping review. Large-scale randomized controlled trials are needed
to definitively establish the efficacy of adaptive difficulty approaches
compared to standard care and to determine optimal implementation
parameters. While pilot studies and feasibility studies provide important
preliminary evidence, adequately powered trials with rigorous methodology
are necessary to establish evidence-based recommendations for clinical
practice. Research is needed to compare different adaptive algorithms and
difficulty adjustment strategies. Questions include: What is the optimal target
success rate or performance range? How frequently should difficulty be
adjusted? Should adjustment be continuous or discrete? Should multiple task
parameters be adjusted simultaneously or sequentially? How should adaptive
algorithms balance different dimensions of challenge? Comparative
effectiveness research addressing these questions would inform optimal
implementation.

Research should investigate how optimal challenge principles can be
effectively implemented in home-based and community-based rehabilitation
settings. Most current evidence comes from supervised, clinic-based
interventions, but extending optimal challenge to home practice could
substantially increase rehabilitation dose and improve outcomes. This requires
developing technologies and protocols that enable adaptive difficulty with
minimal supervision while ensuring safety and effectiveness. Research should
examine the long-term effects of optimal challenge interventions, including
retention of gains, durability of benefits, and impact on long-term functional
outcomes and quality of life. Most current studies examine short-term
outcomes, but stroke rehabilitation aims to produce lasting improvements.
Longer follow-up periods (6-12 months or more) are needed to establish
sustained benefits.

Research should investigate individual differences in optimal challenge,
including how factors such as age, stroke severity, cognitive status, motivation,
and psychological factors influence the optimal difficulty level and progression
rate. Understanding these individual differences would enable more
sophisticated personalization of difficulty adjustment and identification of
patients most likely to benefit from adaptive approaches. Research should
examine the mechanisms underlying the benefits of optimal challenge,
including neuroimaging studies investigating how appropriately challenging
practice drives neural reorganization and behavioral studies examining the
cognitive and motivational processes engaged by optimal challenge.
Mechanistic research would deepen theoretical understanding and potentially
identify biomarkers or predictors of response to optimal challenge
interventions.

Research should investigate how optimal challenge principles can be integrated
with other evidence-based rehabilitation approaches such as constraint-induced
movement therapy, intensive task-specific training, and aerobic exercise.
Understanding how optimal challenge interacts with other therapeutic
principles would enable development of comprehensive, multi-component
interventions that maximize recovery. Research should examine the cost-
effectiveness of adaptive difficulty interventions, including the costs of
technologies, training, and implementation balanced against the benefits in
terms of improved outcomes, reduced disability, and enhanced quality of life.
Cost-effectiveness evidence is critical for healthcare decision-making and
resource allocation.
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Research should investigate implementation science questions related to
adopting optimal challenge principles in clinical practice, including barriers
and facilitators to implementation, effective training and education strategies
for clinicians, and organizational factors that support or hinder adoption.
Understanding implementation challenges is critical for translating research
evidence into widespread clinical practice. Research should explore the
application of artificial intelligence and machine learning approaches to
optimize difficulty adjustment. Machine learning algorithms could potentially
learn optimal difficulty adjustment strategies from large datasets of patient
performance, identifying patterns and predictive factors that inform more
sophisticated personalization. This represents an exciting frontier for
advancing adaptive rehabilitation technologies.

CONCLUSION

This scoping review mapped evidence suggesting that optimal challenge, the
Goldilocks Zone is a theoretically well-grounded and clinically promising
concepts in stroke neurorehabilitation. Drawing on the challenge point
framework and activity-dependent neuroplasticity, adaptively calibrated task
difficulty appears to support motor learning and functional recovery across
multiple intervention modalities. Preliminary evidence indicates that targeting
success rate in the 60-80% range with individualised, multi-dimensional
difficulty adjustment is both feasible and potentially beneficial. However, the
majority of included studies were pilot or feasibility investigations with small
samples and limited methodological controls; accordingly, definitive efficacy
conclusions are premature. Well-powered randomised controlled trials with
standardised outcome batteries and longer follow-up periods are needed before
firm clinical recommendations can be advanced. The theoretical coherence of
the Goldilocks Zone concepts and the consistency of early findings across
diverse modalities provide a meaningful foundation for future investigation
and cautious clinical application, with the ultimate goal of advancing
personalised, adaptive neurorehabilitation for stroke survivors.
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