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This narrative review summarizes recent advances in the integration of artificial intelligence (AI)-driven 
rehabilitation robotics with metabolic regulation in critically ill pulmonary patients. AI-enabled robotic systems, 
combining multimodal physiological sensing with adaptive machine learning, allow continuous monitoring 
of cardiopulmonary and metabolic parameters and support individualized, dynamic interventions. Unlike 
conventional rehabilitation based on fixed protocols, these systems establish closed-loop feedback between 
metabolic signals and motor output, enabling sustained low-intensity muscle activation while optimizing 
oxygen utilization, glucose metabolism, and mitochondrial function. Such regulation may interrupt the 
pathological interplay among inflammation, metabolic imbalance, and muscle atrophy, thereby promoting 
respiratory and systemic recovery. Recent developments in metabolic monitoring, biofeedback control, 
and multi-omics integration have further extended these platforms toward comprehensive metabolic 
management. By integrating biomechanical support with computational and biochemical intelligence, this 
approach reframes rehabilitation as an active process of metabolic reprogramming. However, current evidence 
remains heterogeneous, and well-designed clinical studies are needed to validate the reproducibility and 
clinical efficacy of these strategies.

Introduction

   The clinical management of severe pulmonary diseases such 
as acute respiratory distress syndrome (ARDS) and refractory 

pneumonia has reached a point where acute survival is no longer 
the sole therapeutic objective. While advancements in life support 
have improved short-term survival rates, they have also unveiled 
a systemic challenge known as post-intensive care syndrome, in 
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which survivors experience profound and often irreversible 
declines in physical, respiratory, and cognitive function [  1 ]. A 
fundamental driver of this functional decline is systemic bioen-
ergetic failure characterized by a persistent hypercatabolic state 
alongside impaired mitochondrial function and increased oxida-
tive stress. These metabolic disturbances compromise respiratory 
mechanics while reducing muscle endurance and creating a physi-
ological environment where conventional rehabilitation efforts 
are frequently insufficient. The consequences are further com-
pounded in patients subjected to prolonged mechanical ventila-
tion or extended bed rest, which results in accelerated skeletal 
muscle wasting and profound insulin resistance. These clinical 
observations indicate that effective pulmonary rehabilitation must 
extend beyond simple physical mobilization to actively address 
metabolic reprogramming as a central therapeutic target.

   Conventional pulmonary rehabilitation strategies, including 
manual physiotherapy and guided breathing exercises, face sub-
stantial limitations when applied to critically ill populations. The 
dynamic and fragile physiological state of these patients creates a 
substantial intervention–quantification gap, in which the absence 

of high-fidelity feedback prevents the precise titration of exercise 
intensity [  2 ]. In clinical practice, undertreatment may fail to 
stimulate necessary muscle activity while excessive intervention 
risks exercise-induced exhaustion or hemodynamic instability. 
These challenges are particularly pronounced during mechanical 
ventilation when respiratory muscles may be unloaded or under-
activated and the risk of intensive care unit (ICU)-acquired weak-
ness is high. Intelligent rehabilitation robotics offers a potential 
solution to this challenge by integrating biomechanical assistance 
with real-time sensing and feedback mechanisms (Fig.  1 ) [  3 ]. 
Robotic platforms can maintain muscular integrity and enhance 
ventilation efficiency through controlled neuromuscular stimula-
tion [  4 ]. They enable the precise modulation of exercise intensity 
and frequency, which facilitates early and safe intervention even 
in patients with severely limited mobility. The evolution of these 
platforms reflects a shift toward a data-driven paradigm in pul-
monary rehabilitation where every intervention can be quantified 
and adjusted in response to patient-specific physiological signals 
[  5 ]. Through integrated sensor systems, rehabilitation robots pro-
vide real-time monitoring of heart rate, respiratory parameters, 

Fig. 1. Applications of rehabilitation robots for metabolic regulation in critically ill patients with pulmonary diseases. (A) Main functions: A wearable system tracks vital signs 
such as respiratory rate, heart rate, and blood oxygen levels. It monitors metabolic parameters in real time to regulate oxidative stress and support tissue repair during 
rehabilitation. This system uses metabolites as biomarkers to guide and personalize treatment. (B) Key technologies: Key technologies include AI-driven analysis for personalized 
care, wearable biosensors for continuous monitoring, and neuromuscular electrical stimulation. When coupled with remote monitoring and intelligent adjustment, robotic 
interventions, including those applied in perioperative and early postoperative settings, can optimize rehabilitation based on real-time data.
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and muscle activation, allowing for a level of precision that is 
difficult to achieve with conventional manual therapy [  6 ]. Such 
platforms can deliver both passive and active training modalities, 
supporting individualized rehabilitation programs and demon-
strating potential in mitigating muscle atrophy and improving 
respiratory function [  7 ,  8 ]. Despite these advantages, most existing 
robotic platforms remain metabolically blind because they pri-
marily follow preprogrammed kinematic trajectories and lack the 
ability to interpret real-time biochemical or energetic signals 
from the patient [  9 ]. As a result, even advanced robotic systems 
cannot autonomously adjust training loads in response to 
changing oxidative stress levels or increased protein catabolism. 
This limitation restricts their effectiveness in the most complex 
clinical scenarios where metabolic dysregulation is the dominant 
barrier to recovery.        

   Failure of early rehabilitation in severe pulmonary disease is 
closely linked to the pathological interplay known as the lung–
muscle axis [  10 ]. Systemic inflammation and chronic hypoxia 
converge to impair mitochondrial function, which favors protein 
catabolism over protein synthesis. This metabolic derangement 
manifests as progressive muscle wasting and reduced energy 
availability, thereby limiting the effectiveness of conventional 
mechanically driven rehabilitation interventions. Without syn-
chronization between physical load and cellular bioenergetics, 
traditional rehabilitation may inadvertently exacerbate the 
inflammatory cycle and further impede recovery. Addressing 
metabolic dysregulation is therefore not a supplementary goal 
but a decisive bottleneck that determines whether patients can 
transition from mechanical dependence to functional indepen-
dence. Interventions that support mitochondrial function and 
restore energy balance are essential for enabling effective reha-
bilitation. Understanding the mechanisms underlying the lung–
muscle axis is critical for designing strategies that coordinate 
mechanical training with metabolic restoration.

   Translating these pathophysiological insights into clinically 
actionable rehabilitation strategies, however, remains challenging, 
highlighting several key limitations in current practice. First, bed-
side sensing technologies capable of capturing real-time meta-
bolic information are still limited, and computational frameworks 
for processing multimodal physiological time-series data remain 
insufficiently developed. Moreover, the absence of a unified 
framework for integrating metabolic signals with robotic control 
continues to limit the realization of truly closed-loop rehabilita-
tion systems. In an optimal scenario, rehabilitation interventions 
would be dynamically modulated based on continuously acquired 
physiological and surrogate metabolic signals. Such an approach 
would enable patients to remain within an individualized meta-
bolic safety range while balancing oxygen delivery and energy 
utilization and limiting fatigue accumulation under critical care 
conditions [  11 ]. Collectively, these challenges reveal a critical gap 
between current technological capabilities and the clinical 
demands of metabolically informed rehabilitation in critically ill 
pulmonary patients. This gap underscores the need for a struc-
tured, disease-oriented framework to guide future development. 
To address this need, the present review proposes a conceptual 
framework for metabolically synchronized rehabilitation, with a 
particular focus on critically ill pulmonary populations, among 
whom metabolic dysregulation and the lung–muscle axis repre-
sent central determinants of recovery. This framework is grounded 
in a structured synthesis of existing evidence identified through 
a comprehensive literature search of major electronic databases, 
including PubMed, Embase, Web of Science, Scopus, and IEEE 

Xplore, covering the period from January 2000 to December 2025. 
The search strategy combined Medical Subject Headings and free-
text terms related to rehabilitation robotics, pulmonary and criti-
cal care rehabilitation, metabolic regulation, and artificial 
intelligence (AI), using Boolean operators to optimize retrieval. 
Eligible studies included original research, clinical investigations, 
and relevant reviews in these domains, while studies not related 
to pulmonary disease or metabolic mechanisms were excluded. 
Additional relevant literature was identified through manual 
screening of reference lists. Given the interdisciplinary and rapidly 
evolving nature of this field, the evidence was synthesized nar-
ratively to facilitate cross-domain integration. Within this frame-
work, particular attention is given to the integration of multimodal 
physiological sensing with emerging metabolic assessment 
approaches, including metabolomics and exhaled breath analysis, 
as complementary layers for characterizing patient status. Rather 
than serving as direct real-time control inputs, these modalities 
provide context for understanding metabolic adaptability and 
recovery trajectories. Their integration with adaptive robotic con-
trol highlights a pathway toward more responsive and physiologi-
cally aligned rehabilitation strategies, supporting the transition 
from experience-based protocols toward precision, data-informed 
clinical management in critically ill pulmonary patients.   

Application of Rehabilitation Robots in 
Pulmonary Disease Rehabilitation

Evolution and background of rehabilitation  
robot technology
   Since its inception at the end of the 20th century, rehabilitation 
robot technology has emerged as a cornerstone of clinical and 
translational research [  12 ]. Initial applications primarily targeted 
the restoration of motor function in patients with neurological 
disorders by providing mechanical assistance to facilitate repeti-
tive training and improve limb mobility. However, the rapid 
advancement of AI, sensor technologies, and human–machine 
interaction systems has catalyzed a fundamental shift in this field. 
These devices have evolved from monofunctional mechanical 
actuators into autonomous intelligent systems capable of sophis-
ticated perception, data analysis, and clinical decision support-
and are now widely applied in the management of chronic and 
critically ill populations [  13 ]. In the context of pulmonary dis-
eases, especially in critically ill patients with pulmonary diseases, 
conventional therapies often struggle to reconcile systemic 
physiological adaptability with the requirement for continuous 
intervention. These patients typically present with severe respi-
ratory dysfunction, systemic metabolic abnormalities, and disuse 
muscle atrophy, all of which necessitate a rehabilitation paradigm 
that is personalized, precise, and dynamically adjustable. In this 
setting, rehabilitation robots offer unique advantages by auto-
mating respiratory training and enhancing pulmonary function 
while integrating multidimensional physiological monitoring. 
This synergy allows for the real-time assessment of metabolic 
status and intervention adjustment based on real-time metabolic 
information, thereby providing a novel trajectory for systematic 
functional recovery (Fig.  2 ).        

   Furthermore, rehabilitation robots can improve pulmonary 
ventilatory function and respiratory muscle endurance by titrating 
training rhythm and intensity, thereby reducing the incidence of 
secondary pulmonary complications [  14 ]. Leveraging integrated 
multimodal sensing systems, these robots continuously acquire 

https://doi.org/10.34133/research.1302


Chen et al. 2026 | https://doi.org/10.34133/research.1302 4

critical parameters such as blood oxygen saturation, respiratory 
rate, and heart rate to formulate individualized programs aligned 
with a patient’s physiological tolerance. During early intervention 
phases, robotic systems safely initiate functional activity in bedrid-
den individuals to reduce muscle catabolism and mitigate tissue 
depletion in high metabolic states [  15 ]. Compared to traditional 
methods, these platforms improve standardization and provide 
quantitative feedback that supports evidence-based strategies 
[ 12 ]. Their intelligent adaptability enables interdisciplinary inte-
gration, moving rehabilitation from experience-driven models 

toward data-driven paradigms that offer robust support for 
metabolic regulation and functional recovery in critically ill 
pulmonary patients.   

Current status of rehabilitation robot applications in 
pulmonary diseases
   In recent years, rehabilitation robots have emerged as an impor-
tant adjunct in the management of pulmonary diseases, particu-
larly in patients affected by prolonged immobilization or severe 

Fig. 2. Applications of rehabilitation robots for pulmonary diseases. (A) Application status: Rehabilitation robots help restore function and provide personalized care in the 
treatment of pulmonary diseases. They offer real-time feedback and adjust treatment as needed to optimize recovery and respiratory function. (B) Robotics combined with 
metabolic regulation: This module combines robotics with metabolic regulation. Perception technology monitors body responses, while AI analyzes real-time data to guide 
rehabilitation. Physiological modeling helps optimize rehabilitation strategies based on metabolic responses for better recovery. (C) Interdisciplinary technology integration: 
This section highlights the integration of AI, biomedicine, and engineering in pulmonary rehabilitation. Neural network algorithms and health management knowledge graphs 
improve decision-making and personalized care, enhancing treatment and long-term health management.
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infections [  16 ]. These systems enable individualized rehabilita-
tion through precisely controlled early mobilization and respira-
tory training, with the aim of improving respiratory mechanics, 
enhancing muscle metabolic capacity, and increasing exercise 
tolerance. This role is particularly relevant in critically ill patients, 
in whom systemic inflammation, hypoxia, and metabolic dys-
regulation contribute to rapid atrophy of both skeletal and respi-
ratory muscles [  17 ]. Within this pathophysiological context, 
structured robotic interventions may help mitigate muscle 
deterioration by promoting controlled muscle activation and 
supporting mitochondrial function, thereby improving energy 
metabolism and oxygen utilization efficiency. From a techno-
logical perspective, the integration of multimodal sensor sys-
tems enables real-time monitoring of physiological parameters, 
providing an objective basis for dynamically adjusting train-
ing intensity while maintaining safety and specificity [  18 ]. 
Clinically, studies in pulmonary and critically ill populations 
have reported that robotic-assisted rehabilitation is associated 
with improvements in ventilatory parameters and pulmonary 
compliance. In addition, findings from broader rehabilitation 
and exercise physiology research suggest potential effects on 
metabolic biomarkers, including markers of glucose and lipid 
metabolism [  19 ]. When combined with metabolic monitoring 
tools, robotic platforms may further enable the assessment of 
metabolic indicators such as lactate and selected intermediary 
metabolites, offering additional insight into patient-specific 
metabolic responses. Despite these advances, several important 
limitations remain. Direct clinical evidence supporting meta-
bolically integrated robotic rehabilitation in critically ill pul-
monary patients is still limited, and the field remains at an early 
stage of development [  20 ]. Much of the available evidence 
is derived from general rehabilitation or exercise physiology 
populations, which constrains its direct applicability to criti-
cally ill patients. Current robotic systems also tend to prioritize 
mechanical output, with only limited incorporation of meta-
bolic feedback into control strategies [  21 ].

   Impaired respiratory function represents a central complica-
tion in critically ill pulmonary patients and often disrupts sys-
temic metabolic balance [  22 ]. Rehabilitation robots provide 
technical support by coupling targeted respiratory muscle train-
ing with individualized planning during critical and postopera-
tive phases. By integrating sensor-based feedback and visual 
guidance with controlled training loads, these robots facilitate 
respiratory muscle strengthening through diaphragmatic breath-
ing and rhythmic thoracic expansion [  23 ]. These systems enable 
early functional activity during the post-acute phase to aid in 
secretion clearance and reduce the risk of atelectasis. For patients 
with limited motivation due to pain, robotic assistance improves 
training adherence and minimizes ineffective muscle strain [  24 ]. 
Robotic platforms facilitate systematic respiratory muscle train-
ing in combination with lower limb endurance exercises, thereby 
yielding measurable improvements in respiratory performance 
within abbreviated timeframes. The integration of electromyog-
raphy feedback and load modulation ensures that interventions 
are both individualized and quantifiable [  25 ]. Personalized plans 
rely on real-time physiological and surrogate metabolic data, 
such as blood oxygen saturation, heart rate, and lactate levels, to 
dynamically adjust training intensity (Fig.  3 ). Intelligent algo-
rithms utilize these inputs to tailor metabolic load-appropriate 
programs in which patients with unstable metabolism begin with 
low-intensity intermittent protocols before progressing to higher 
loads [  26 ]. Machine learning further refines intervention logic 

over time by analyzing longitudinal trends to optimize program 
design [  27 ]. This approach enhances safety and helps reduce the 
risk of metabolic instability, integrating respiratory recovery with 
metabolic regulation for a holistic strategy.        

   Real-time feedback mechanisms are essential for individual-
ized and adaptive rehabilitation in pulmonary critical care. 
Rehabilitation robots function as advanced systems that combine 
intelligent perception and control technologies to demonstrate 
substantial clinical utility [  28 ]. Through built-in sensors, these 
robots continuously monitor physiological parameters such as 
respiratory rate and blood oxygen saturation [  29 ]. These data 
inform instantaneous adjustments to intervention strategies to 
ensure optimal therapeutic conditions (Fig.  3 ). Technological 
advancements allow robots to respond to a patient’s dynamic 
status with high precision by integrating imaging and intelligent 
algorithms to support clinical decision-making [  30 ,  31 ]. The 
application of robotic technologies in bronchoscopy and pulmo-
nary nodule biopsy illustrates this integration, in which visualiza-
tion and navigation functions facilitate stable access to complex 
airways [  32 ,  33 ]. High controllability in minimally invasive pro-
cedures may reduce complications and improve the quality of 
tissue acquisition [  34 ]. By incorporating real-time feedback, these 
systems provide quantifiable metrics for postoperative assess-
ment. With improvements in intraoperative image processing 
and data analysis, robotic systems assist physicians in rapid 
decision-making and continuous optimization of postoperative 
plans [ 31 ,  35 ,  36 ]. Machine learning and AI further enhance the 
identification of tissue structures to support dynamic adjustments 
[  37 ]. This human–machine physiological closed-loop system 
shifts rehabilitation from experience-driven to data-driven mod-
els to support better metabolic regulation and aid pulmonary 
recovery. Future research should prioritize processing efficiency 
and multimodal data integration to maintain high-precision 
monitoring in complex environments [  38 ,  39 ].   

Integration of robotics and metabolic regulation
   Rehabilitation robots are increasingly transitioning from expe-
rience-based interventions toward more precise and intelligent 
regulation in the management of pulmonary diseases (Fig.  3 ). 
Within this evolving paradigm, metabolic regulation has emerged 
as a central component of pulmonary rehabilitation, con-
tributing to both systemic recovery and the restoration of 
lung function. Firstly, the clinical relevance of metabolic regu-
lation is particularly evident in critically ill patients, in whom 
prolonged immobility and mechanical ventilation are frequently 
associated with profound disruptions in energy metabolism 
and severe muscle atrophy [  40 ]. Exercise-based interven-
tions have been shown to enhance energy utilization and 
promote tissue repair through mechanisms such as glycolytic 
activation and improved mitochondrial function. However, 
much of the supporting mechanistic evidence originates from 
non-critically ill populations, and its applicability to criti-
cally ill pulmonary patients remains to be further validated 
[  41 ,  42 ]. Secondly, from an implementation perspective, reha-
bilitation robots provide a platform for translating these meta-
bolic principles into controlled clinical interventions. Systems 
equipped with integrated sensors enable continuous monitoring 
of physiological and surrogate metabolic indicators, including 
lactate levels and carbon dioxide elimination, thereby providing 
dynamic data to guide exercise adjustment. Through this capa-
bility, robotic platforms can dynamically adapt operational 
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parameters to patient-specific conditions, forming a monitoring–
feedback–adjustment loop that supports individualized reha-
bilitation. In addition, multimodal bedside data, including 
vital signs, ventilatory parameters, gas exchange indices, and 
surrogate metabolic markers such as lactate trends and muscle 
oxygenation, can be integrated to align robotic assistance with 
the patient’s evolving metabolic state [  43 ]. Within this inte-
grated framework, structured robotic-assisted activity may 
influence multiple metabolic pathways and has been associated 
with enhanced fat oxidation and reduced inflammation-related 

metabolic disturbances. Finally, advances in machine learning 
further extend this framework by enabling the identification 
of metabolic profiles and the prediction of patient-specific 
responses to training. These approaches support the refinement 
of rehabilitation strategies and contribute to the development 
of more adaptive and personalized interventions. Collectively, 
these developments in sensing, physiological modeling, and 
computational intelligence reinforce the role of robotic sys-
tems in enabling personalized, metabolically informed pul-
monary rehabilitation.   

Fig. 3. Application of rehabilitation robots in pulmonary disease recovery. (A) Respiratory function recovery: This module improves respiratory function through breathing 
exercises and robot-assisted cough training. It boosts pulmonary ventilation, muscle endurance, and oxygenation, while reducing the risk of atelectasis and secretion retention. 
(B) Personalized rehabilitation planning: This module uses real-time sensor data (SpO2, heart rate, and metabolites) to create tailored rehabilitation plans. Algorithms adjust 
training intensity based on metabolic tolerance, ensuring safe and efficient rehabilitation. (C) Real-time feedback regulation: This module tracks parameters like lactate and 
respiratory rate. AI-based systems adjust training loads when needed, helping reduce the risk of metabolic issues and personalizing rehabilitation. (D) Metabolic modulation 
intervention: This module activates metabolic pathways to optimize mitochondrial function and regulate inflammation. These actions improve energy balance, reduce hypoxia, 
and support muscle recovery. (E) Interdisciplinary technology integration: This module uses AI and 5G for remote rehabilitation. It integrates data (EMR, imaging, and lab tests) 
and edge computing to optimize real-time decisions and enhance respiratory muscle function. (F) Early functional activation: This module focuses on low-intensity training 
for bedridden patients. It activates muscle mitochondria, helps reduce muscle loss, and supports recovery.
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Interdisciplinary technological integration
   The rapid advancement of biomedical engineering and AI 
has substantially expanded the role of rehabilitation robots in 
metabolic regulation. Through the integration of mechanical 
systems and physiological monitoring, these robots have evolved 
from simple motion-assistive devices into intelligent, multidi-
mensional interactive platforms (Fig.  3 ). AI, particularly deep 
learning and neural network techniques, enables the effective 
integration of physiological data and supports the dynamic 
adjustment of rehabilitation protocols [  44 ,  45 ]. Based on this 
foundation, recent studies have explored advanced computa-
tional approaches, including deep learning-based biomechani-
cal modeling, reinforcement learning-driven control strategies, 
and transformer-based frameworks. These methods further 
improve trajectory control and adaptive human–robot interac-
tion in rehabilitation systems [  46 –  50 ]. These systems con-
tinuously monitor fluctuations in patient status and provide 
corresponding adjustment recommendations, thereby support-
ing improvements in the precision and safety of rehabilitation 
processes. In addition, AI integrates electronic medical records 
and medical imaging data to enable more comprehensive and 
continuous health management. Through interdisciplinary col-
laboration, the combination of biological signal recognition 
and behavioral feedback further enhances clinical adaptability, 
allowing rehabilitation robots to dynamically adjust interven-
tions according to individual differences [  51 ,  52 ].

   Emerging technologies such as 5G and edge computing sup-
port remote rehabilitation management by enabling cloud- and 
edge-based analysis for home rehabilitation programs [  53 ]. 
High-frequency and low-intensity personalized load adjustments 
improve oxygen utilization and promote respiratory muscle 
reconditioning to support pulmonary function recovery from a 
metabolic perspective. In summary, rehabilitation robots have 
evolved into comprehensive platforms that integrate metabolic 
regulation and intelligent perception. Their underlying logic 
reflects both engineering advancements and deep biomedical 
understanding, marking a major shift toward intelligent and 
continuous pulmonary rehabilitation.    

The Mechanistic Role of Metabolites in  
Robotic-Assisted Pulmonary Recovery

Bioenergetic reprogramming and  
mitochondrial resilience
   Metabolic reprogramming represents a fundamental physio-
logical basis for recovery in critically ill patients, in whom the 
lung–muscle axis functions as a key pathway for systemic res-
toration [  54 ]. At the mechanistic level, this process is thought 
to involve alterations in energy metabolism and associated 
signaling pathways. However, current insights are primarily 
derived from preclinical and basic research, and their direct 
clinical applicability in critically ill patients with pulmonary 
dysfunction remains to be fully established. The restoration of 
injured lung tissue is a highly energy-dependent process that 
requires precise allocation of adenosine triphosphate to support 
cellular repair and immune regulation (Fig.  4 ) [  55 ]. In this con-
text, robotic-assisted mobilization applies controlled mechanical 
loading that may activate mTORC1-related signaling pathways 
in both skeletal and respiratory muscles. Evidence from pre-
clinical and mechanistic studies suggests that such activa-
tion may promote a metabolic shift from proteolysis-dominant 

catabolism toward protein synthesis and anabolic processes 
[  56 ]. This metabolic transition may further alleviate the bioen-
ergetic deficits commonly observed in ICU-acquired weakness 
and may be associated with enhanced oxidative phosphorylation 
and reduced mitochondrial reactive oxygen species production 
[  57 ]. These changes improve overall energy efficiency while 
maintaining therapeutic loading within a safe physiological 
range [  58 ]. In addition, robotic rehabilitation systems provide 
a standardized framework for monitoring metabolic activity. 
Through real-time physiological signal feedback, they enable 
continuous adjustment of intervention intensity, helping main-
tain both safety and stability throughout the rehabilitation 
process [  59 ].           

Lactate as a metabolic fulcrum and  
signaling mediator
   Lactate functions not only as a metabolic substrate but also as an 
important signaling mediator, rather than merely being a by-
product of anaerobic metabolism [  60 ]. In severe respiratory fail-
ure, lactate accumulation reflects the combined effects of tissue 
hypoxia and increased glycolytic flux [  61 ]. Under such condi-
tions, robotic-assisted rehabilitation may provide consistent and 
quantifiable exercise stimuli that help create conditions condu-
cive to the lactate shuttle mechanism, thereby potentially sup-
porting the redistribution of lactate between glycolytic and 
oxidative tissues. This redistribution enables lactate to be oxi-
dized to pyruvate for mitochondrial oxidation, contributing 
to improved systemic energy efficiency. Beyond its metabolic 
role, lactate also participates in cellular signaling. Experimental 
evidence suggests that lactate can modulate the inflamma-
tory microenvironment through pathways involving GPR81, 
which may promote macrophage polarization toward an anti-
inflammatory phenotype [  62 ]. This coordinated metabolic and 
signaling effect may support the resolution of inflammation, 
limit fibroproliferative responses, and promote the repair of the 
alveolar–capillary barrier, thereby facilitating recovery in pul-
monary injury.   

Systemic immune-metabolic synergy and the  
lung–muscle axis
   Effective pulmonary rehabilitation relies on the coordinated 
interaction between muscular activity and immune regulation 
[  63 ]. Skeletal muscle acts as an endocrine organ during physical 
activity by secreting myokines, including interleukin-6 and 
irisin, which may contribute to the regulation of pulmonary 
metabolic homeostasis [  64 ]. These myokines facilitate systemic 
metabolic responses by influencing the availability and metabo-
lism of key amino acids such as arginine and tryptophan, both 
of which play essential roles in immune modulation [  65 ]. 
Arginine supports macrophage-mediated tissue repair through 
nitric oxide synthesis, thereby counteracting epithelial dysfunc-
tion commonly observed in pulmonary diseases [  66 ]. In paral-
lel, tryptophan-derived metabolites contribute to immune 
tolerance by regulating immunometabolic pathways that bal-
ance inflammatory and reparative processes [  67 ]. In addition, 
clinical studies have shown that early mobilization and struc-
tured physical activity are associated with the restoration of 
circulating amino acids such as glutamine and glycine, which 
serve as precursors for nucleotide synthesis and support cellular 
repair processes [  68 ]. Together, these findings highlight the 
role of exercise-induced metabolic–immune coupling as a key 
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mechanism underlying pulmonary recovery (Fig.  5 ). Within 
this mechanistic framework, rehabilitation robots provide a 
means of delivering structured and reproducible physical stimuli. 

By standardizing exercise intensity and timing, robotic-assisted 
interventions may help stabilize immune–metabolic networks, 
thereby supporting systemic metabolic adaptation, with potential 

Fig. 4. The role of metabolites in the rehabilitation of lung diseases. (A) Metabolic reprogramming in lung disease recovery: This module explains how metabolic reprogramming 
aids lung disease recovery. Metabolites like lactate and acetoacetate provide energy to immune cells and tissues. These changes support lung regeneration, inflammation 
control, and cellular repair. (B) Metabolites in pulmonary rehabilitation: This section shows how metabolites help lung repair during rehabilitation. They support oxygen 
utilization, balance metabolic pathways, and modulate immune responses, improving rehabilitation. (C) Metabolites and immune system interaction: This module explores how 
metabolites like lactic acid and arginine affect immune cells. These metabolites balance inflammation and repair. Rehabilitation robots adjust therapy based on metabolite-
driven immune responses, supporting recovery. (D) Metabolite monitoring in rehabilitation: This section highlights the value of metabolite monitoring. Continuous metabolic 
data track recovery and guide treatment. This helps support personalized care and may improve outcomes for lung disease patients.
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effects on immune response modulation in both clinical and 
experimental settings [  69 ].           

Advanced metabolite monitoring and closed-loop 
algorithmic control
   Metabolomic analysis of exhaled breath condensate has been 
explored as a noninvasive approach for assessing metabolic 
alterations in patients with chronic obstructive pulmonary dis-
ease (COPD) [  70 ]. In parallel, metabolic disturbances observed 
in chronic lung diseases have stimulated the development of 
bedside biosensing technologies capable of tracking metabolites 
such as lactate and glucose in a time-resolved manner [  71 ]. 
These sensing modalities provide an expanding foundation for 
capturing dynamic metabolic and physiological states in clini-
cal settings. From a rehabilitation engineering perspective, such 
metabolic and physiological measurements are more appropri-
ately regarded as sources of supplementary contextual informa-
tion rather than direct control inputs. Their primary value lies 
in supporting the interpretation of patient state and guiding 
individualized intervention strategies. Within this context, 
rehabilitation robots represent a potential platform for integrat-
ing these multimodal signals into clinical practice. When com-
bined with robotic systems, metabolic and physiological data 
can be temporally aligned with movement patterns to distin-
guish active patient engagement from predominantly passive 
assistance, thereby enabling more informed adjustment of 
training parameters [  72 ]. This integration provides the basis 
for developing monitoring–feedback–adaptation frameworks 
that support individualized rehabilitation.

   Building on this concept, closed-loop regulation has been 
proposed as a potential strategy for incorporating physiological 
and metabolic information into rehabilitation control. Continuous 
monitoring of physiological signals may facilitate adaptive adjust-
ment of robotic assistance, with the aim of improving safety and 
personalization. However, such approaches remain largely con-
ceptual and have not yet been established as routine clinical prac-
tice, particularly in intensive care settings where implementation 
is constrained by technical and clinical factors. The conceptual 
information flow is schematically illustrated. In parallel, increas-
ing attention has been directed toward computational methods 
for analyzing continuous physiological and metabolic data. These 
approaches aim to extract temporal features from time-series 
signals to support state assessment and optimization of rehabilita-
tion strategies. Models such as long short-term memory networks 
have been applied in exercise science to characterize gradual 
metabolic changes associated with fatigue and may provide a basis 
for future rehabilitation monitoring [  73 ]. Despite these advances, 
the integration of sensing technologies, robotic control, and com-
putational modeling remains at an early stage. Most approaches 
represent emerging directions toward physiology-aware rehabili-
tation rather than standardized or clinically deployed solutions 
in intensive care environments.    

Integration of Multiomics Information 
into Rehabilitation Robotics for Metabolic 
Adaptation in Severe Pulmonary Disorders
   Pulmonary diseases, including lung cancer, COPD, and ARDS, 
are recognized as major global health challenges. These condi-
tions are frequently associated with systemic inflammatory 
responses, impaired tissue oxygenation, and marked metabolic 

disturbances, which collectively disrupt physiological homeosta-
sis and hinder recovery capacity in critically ill patients [  74 ]. As 
the concept of precision medicine continues to evolve, conven-
tional symptom-based rehabilitation strategies are increasingly 
inadequate for addressing the multidimensional needs of these 
patients. Rehabilitation robots, characterized by precise motion 
control, adaptive feedback capabilities, and patient-interactive 
functions, are emerging as potential adjunctive tools within mod-
ern intensive care rehabilitation systems [  75 ].

   Recent studies have demonstrated that metabolic dysregula-
tion constitutes a core mechanism in the progression and recov-
ery of pulmonary diseases. These metabolic alterations typically 
include increased glycolytic flux, lactate accumulation, lipid 
metabolism imbalance, and disturbances in amino acid profiles 
(Fig.  6 ) [  76 ]. Such metabolic reprogramming not only reflects 
underlying pathophysiological processes but also modulates 
immune responses, inflammation resolution, and tissue regen-
eration. Metabolomics, as a major domain within systems biol-
ogy, enables high-throughput and quantitative detection of 
small-molecule metabolites, providing critical insights into 
disease states, treatment responses, and potential therapeutic 
targets [  77 ]. The integration of metabolomics with transcrip-
tomic, proteomic, and clinical phenotype data allows for the 
construction of comprehensive multiomics maps that elucidate 
the molecular networks and functional dynamics of critically 
ill patients [  78 ]. These multidimensional datasets provide a 
theoretical and data-informed basis for exploring how rehabili-
tation strategies assisted by robots may be informed and refined 
in future clinical applications. By monitoring biomarkers such 
as lactate, glutamine, fatty acids, branched-chain amino acids, 
and short-chain fatty acids across multiple biological fluids, 
including plasma, exhaled breath condensate, and bronchoal-
veolar lavage fluid, researchers can characterize metabolic tra-
jectories associated with the acute, subacute, and convalescent 
phases of severe pulmonary disorders (Fig.  6 ). Measurements 
based on bronchoalveolar lavage fluid are mainly applicable 
in research contexts or selected clinical settings, and are not 
intended for routine bedside or real-time monitoring. Together, 
these dynamic metabolite profiles serve as indirect indicators 
of pulmonary functional recovery and provide mechanistic 
insight into immune activation, inflammatory status, and skel-
etal muscle metabolic turnover (Fig.  6 ).        

   Building upon these multiomics insights into metabolic dys-
regulation, an important challenge lies in translating such 
knowledge into actionable rehabilitation strategies. One impor-
tant application of these insights is to guide the timing, intensity, 
and progression of robotic rehabilitation interventions. In the 
intensive care setting, real-time intervention is primarily guided 
by continuously or quasi-continuously available bedside physi-
ological and surrogate metabolic signals, rather than direct 
incorporation of multiomics data. Multimodal sensor arrays 
integrated into robotic systems enable the acquisition of param-
eters such as heart rate, respiratory rate, electromyographic 
activity, and oxygen consumption, which form the basis for 
safety monitoring and fine-tuned adjustments during ongoing 
rehabilitation [  79 ]. In contrast, multiomics data and data-driven 
predictive frameworks operate on longer time scales and are 
more suited to characterizing metabolic adaptability and recov-
ery trajectories. Within this temporally stratified paradigm, 
real-time physiological signals support moment-to-moment 
control, while multiomics information provides a broader con-
text for longitudinal optimization of rehabilitation strategies. 
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This distinction enables clinically meaningful translation of 
metabolic information into practice. For example, if elevated 
lactate levels are observed without adequate cardiopulmonary 
compensation, rehabilitation strategies may be adjusted by 
clinicians or semiautomated systems to reduce physical load 
and extend recovery intervals.

   Despite these advancements, the integration of heterogeneous 
multiomics and clinical data presents considerable technical 
challenges. The pathological mechanisms of pulmonary diseases 
exhibit strong spatial and temporal heterogeneity, rendering 
single-omics approaches insufficient for capturing the full com-
plexity of disease progression [  80 ]. Consequently, it is essential 
to establish unified, standardized, and continuously updated data 

integration platforms. These platforms must harmonize data 
from metabolomics, genomics, transcriptomics, physiological 
monitoring, and clinical evaluations (Fig.  7 ). Figure  7  provides 
an overview of the data flow involved in real-time monitoring, 
computational analysis, and robotic intervention, underscoring 
the conceptual importance of closed-loop regulatory strategies 
rather than fully implemented clinical systems. Such systems 
would be informed by metabolic profiles obtained through 
advanced techniques including mass spectrometry, nuclear mag-
netic resonance spectroscopy, and metabolic fingerprinting, 
which provide detailed biochemical assessments but are generally 
better suited to periodic or offline profiling than routine real-
time bedside control [  81 ].        

Fig. 5. Role of metabolites in pulmonary disease rehabilitation. (A) Energy supply and metabolic support: This module explains how metabolism supports energy during 
pulmonary repair. Metabolic reprogramming enhances glucose breakdown, providing ATP for tissue repair. Lipid metabolism aids membrane repair. Amino acids help protein 
synthesis. These processes support lung regeneration, immune cell energy, and oxygen use, aiding lung function recovery. (B) Immune cell differentiation control: This section 
discusses how metabolites regulate immune cell differentiation. Arginine supports macrophage repair, tryptophan metabolites suppress T-cell activation, and glutamine aids 
lymphocyte growth. These processes help promote recovery from lung injury and improve long-term lung function. (C) Inflammation and immune regulation: This module 
explores how metabolites regulate inflammation and immune responses. Lactate may help attenuate inflammatory responses, while acetoacetate encourages anti-inflammatory 
macrophage activity. Metabolites balance Th17/Treg cells, promoting immune tolerance and lung recovery. (D) Dynamic metabolite monitoring: This module highlights dynamic 
metabolite monitoring. Real-time lactate measurement evaluates exercise tolerance, pyruvate shows glycolytic activity, and oxygen-metabolite integration helps predict 
hypoxia. This helps guide personalized rehabilitation, optimize training, and help prevent oxidative stress, enhancing recovery.
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   In addition to molecular profiling, imaging modalities such 
as positron emission tomography and computed tomography 
contribute valuable spatial information by combining metabolic 

assessment with anatomical localization in lung lesions [  82 ]. 
These images may support clinical assessment of areas of meta-
bolic activity or fibrosis-related structural changes, thereby 

Fig. 6. Application of multiomics data fusion in metabolite monitoring. (A) Metabolic reprogramming in pathological development: This module examines how metabolic 
changes contribute to the progression and recovery of severe pulmonary diseases. Increased glycolytic flux and lactate accumulation alter the tissue microenvironment, 
while disrupted lipid and amino acid profiles hinder cellular function. Together, this metabolic reprogramming modulates immune responses, inflammation resolution, and 
tissue repair. (B) Metabolic regulatory system: This section describes how multiomics data are used for personalized care. Data-assisted metabolic pattern analysis supports 
longitudinal monitoring by integrating blood metabolites, lung function, and exercise-related data. It helps optimize diagnosis, treatment, and rehabilitation.
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informing targeted adjustments in rehabilitation strategy. 
Integration of metabolic imaging data with omics-derived 
biomarkers and physiological signals may enhance the precision 
and adaptability of rehabilitation protocols. From a systems inte-
gration perspective, it is imperative that rehabilitation robots 
incorporate efficient data acquisition, fusion, and feedback 
execution mechanisms (Fig.  7 ). Interpretation of metabolomics 
data should be conducted in conjunction with parameters such 
as blood oxygen saturation and dynamic lung function indices, 
helping to ensure that robotic interventions are both timely and 
contextually appropriate (Fig.  7 ). When evidence of metabolic 

imbalance or energy supply–demand mismatch is detected, the 
system can recommend or support supervised adjustments to 
the training program to minimize physiological stress and sup-
port recovery-oriented management. Furthermore, AI algo-
rithms enable the construction of predictive models that simulate 
individual patient responses based on multiomics and clinical 
input. These models could be iteratively updated using longitu-
dinal and real-time clinical data, thereby supporting adaptive 
regulation and individualized intervention planning. In the 
future, rehabilitation robots are expected to function not merely 
as mechanical actuators but as supportive platforms that assist 

Fig. 7. Integrated multiomics-guided framework for metabolic regulation and intelligent robotic rehabilitation. (A) Metabolic profiling: multiomics analysis of metabolic alterations 
and trajectories across disease stages. (B) Robot parameter optimization: AI-driven dynamic adjustment of training intensity and motion assistance strategies. (C) Biomarker 
identification: detection of fibrosis-associated metabolites and risk prediction via mass spectrometry and machine learning. (D) Real-time monitoring: continuous integration 
of bedside physiological and surrogate metabolic data to support feedback-informed adjustment. (E) Data integration: cross-omics data harmonization and construction 
of unified multidimensional databases. (F) Adaptive modeling: refinement of rehabilitation pathways through continuous learning algorithms and dynamic physiological 
monitoring. (G) Risk prediction: early warning systems for metabolic overload and cardiopulmonary decompensation. (H) Closed-loop systems: a synchronized execution framework 
linking data acquisition, modeling, and robotic actuation for individualized intervention.
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clinicians by providing metabolically informed references rather 
than replacing clinical decision-making (Fig.  7 ).   

Integration of Intelligent Rehabilitation Robots 
and Metabolite Feedback Systems

Role of rehabilitation robots in supporting 
personalized metabolic management of critically  
ill pulmonary patients
   Critically ill patients with pulmonary diseases frequently exhibit 
pronounced metabolic disturbances, including lactate accumula-
tion, tissue hypoxia, and carbon dioxide retention. These meta-
bolic abnormalities are largely driven by systemic inflammation, 
prolonged immobilization, and impaired respiratory mechanics, 
and they substantially compromise rehabilitation efficiency and 
clinical outcomes. In conventional rehabilitation settings, achiev-
ing precise and continuous metabolic monitoring and regulation 
remains challenging because of limited continuous metabolic 
assessment and insufficiently adaptable intervention strategies. 
In this context, rehabilitation robots may provide a supportive 
approach by facilitating personalized and adaptively adjustable 
rehabilitation strategies through integrated sensing, monitoring, 
and assistance technologies.

   Rehabilitation robots can integrate multimodal physiological 
and surrogate metabolic indicators, including the respiratory 
exchange ratio, heart rate variability, blood lactate concentration, 
and muscle oxygen saturation. Collectively, these parameters 
provide information on metabolic load, energy utilization, and 
exercise tolerance. Such indicators can be dynamically acquired 
through portable metabolic measurement systems and bedside 
monitoring devices. When incorporated into clinical rehabilita-
tion workflows, real-time data derived from these signals may 
support adjustments in exercise intensity, frequency, and modal-
ity under clinician supervision or through semiautomated robotic 
assistance. This data-informed approach may facilitate individu-
alized rehabilitation planning while supporting procedural safety 
and precision (Fig.  8 ) [  83 ]. For example, during robot-assisted 
gait or limb training, a rapid increase in lactate levels combined 
with unstable cardiopulmonary indicators may indicate excessive 
metabolic stress or insufficient oxygen delivery. In such cases, 
training intensity may be reduced and recovery intervals may be 
extended to prevent further metabolic imbalance. Conversely, 
stable metabolic parameters and preserved muscle oxygen utiliza-
tion may support a gradual increase in training load with the aim 
of supporting metabolic adaptation and functional recovery. 
These bidirectional adjustments reflect a feedback-informed con-
trol process in which continuously acquired physiological and 
surrogate metabolic signals are translated into modifications of 
controllable robotic parameters, such as assistance level, resis-
tance, and work–rest scheduling. In practice, such adjustments 
are performed under well-defined safety constraints, typically 
governed by rule-based control mechanisms and, in some cases, 
supported by predictive or data-driven approaches. Owing to 
these physiological and safety constraints, these systems are pri-
marily designed to assist clinical decision-making rather than 
function as fully autonomous interventions. This is particularly 
important in the intensive care setting, where interpretability, 
auditability, and safety remain essential considerations.        

   With the advancement of rehabilitation medicine, metabolic 
assessment has progressively shifted from static laboratory-based 
evaluation toward more dynamic bedside monitoring approaches 

[  84 ]. Given the rapid and often unpredictable metabolic fluctua-
tions observed in critically ill pulmonary patients, timely inter-
pretation of metabolic signals is essential. Rehabilitation robots 
equipped with data-assisted analytical frameworks can contrib-
ute to feedback-informed rehabilitation processes by linking 
real-time data acquisition with intervention guidance. This 
approach may help reduce reliance on subjective assessment and 
mitigate delays inherent in traditional manual adjustment, while 
supporting more data-informed and clinician-guided rehabilita-
tion strategies. In addition to supporting intervention precision, 
rehabilitation robots may help address metabolic dysfunction 
associated with prolonged inactivity. By combining guided limb 
movements, respiratory assistance, and continuous physiological 
monitoring, these systems encourage skeletal muscle activation 
and energy utilization. Such interventions may contribute to 
improved metabolic efficiency and may help preserve insulin 
sensitivity while alleviating hypercatabolic tendencies related to 
immobility and inflammation (Fig.  9 ) [  85 ]. During the training 
process, physiological parameters including heart rate, oxygen 
saturation, and respiratory rate can be evaluated alongside meta-
bolic indicators such as lactate concentration and arterial blood 
gas profiles. This integrated information enables more informed 
adjustment of exercise load, rhythm, and duration.        

   Overall, the incorporation of metabolic feedback into robot-
assisted rehabilitation supports clinician-guided optimization 
of training protocols. This approach helps reduce the risk of 
excessive physiological stress or insufficient stimulation during 
both early intervention and recovery phases. By tracking trends 
in metabolic indicators, rehabilitation robots may assist in iden-
tifying early signs of metabolic imbalance and alerting clini-
cians in a timely manner. This transition from purely mechanical 
exercise assistance toward metabolically informed rehabilita-
tion support is particularly relevant in critically ill patients, in 
whom timely recognition of metabolic tolerance limits and 
transitions toward excessive anaerobic stress is critical for sup-
porting the restoration of metabolic homeostasis and improv-
ing rehabilitation efficiency [  86 ].   

Interdisciplinary collaboration and metabolically 
informed rehabilitation intervention
   Traditional rehabilitation models are increasingly insufficient to 
address the complex and dynamic metabolic regulation require-
ments observed in critically ill patients with pulmonary diseases. 
The development of rehabilitation robot technologies has intro-
duced more controllable and sustainable intervention modalities 
into clinical and translational rehabilitation settings [  87 ]. At the 
same time, the integration of metabolomics and data-assisted 
analytical approaches is gradually shifting rehabilitation strategies 
from predominantly experience-dependent models toward more 
data-informed and individualized frameworks. This evolution 
reflects an emerging trend of interdisciplinary collaboration in 
critical care rehabilitation (Fig.  8 ).

   Following the acute phase of critical illness, patients with 
severe pulmonary disorders commonly experience persistent 
metabolic dysregulation, skeletal muscle wasting, and reduced 
oxygen utilization efficiency. Through structured exercise guid-
ance and real-time physiological feedback, rehabilitation robots 
can provide safe, controllable, and individualized rehabilitation 
support aimed at supporting oxygen delivery, promoting energy 
metabolic stability, and helping reduce secondary complications 
associated with prolonged bed rest. Compared with conventional 
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Fig. 8. The integration of intelligent rehabilitation robots and metabolite feedback systems. (A) Interaction between real-time metabolic monitoring and robot-assisted 
therapy adjustment: This module shows the integration of rehabilitation robots with real-time metabolic monitoring. The system tracks metabolites, such as lactate, and 
adjusts therapy based on these data. It may support the adjustment of exercise intensity for personalized rehabilitation, with the aim of supporting metabolic regulation 
during recovery. (B) Challenges and future prospects: This section highlights challenges and future directions. Key areas include improving real-time monitoring and 
developing synchronized systems combining robotics, AI, and clinical expertise. Addressing these challenges may help improve rehabilitation effectiveness and expand 
its healthcare applications.
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passive rehabilitation approaches, robot-assisted rehabilitation 
offers advantages in exercise intensity modulation and training 
adherence, thereby providing a more precise platform for meta-
bolically informed intervention [  88 ].

   The incorporation of metabolomics may further refine the tar-
geting of rehabilitation interventions (Fig.  9 ). Dynamic monitoring 
of metabolite profiles in biological fluids may help identify meta-
bolic disturbances that may indicate delayed recovery or increased 
risk of complications. When such information is interpreted 
together with robot-assisted rehabilitation data, intervention 
parameters such as exercise rhythm, intensity, and duration may 
be adjusted to better align with the patient’s metabolic tolerance. 
For instance, elevations in markers associated with protein catabo-
lism may prompt conservative modification of exercise load to 
avoid exacerbating muscle metabolic stress, thereby contributing 

to a feedback-informed rather than fully autonomous regulatory 
process. Data-assisted analytical techniques can further support 
the rehabilitation process by integrating physiological parameters, 
metabolic characteristics, and exercise responses into structured 
interpretative frameworks [  89 ]. These approaches may assist clini-
cians in assessing rehabilitation progression and anticipating 
potential responses to intervention, enabling timely modification 
of rehabilitation strategies. Within this collaborative framework, 
rehabilitation robots function not merely as execution devices but 
as supportive nodes for data collection and feedback. They con-
tribute to coordinated multidisciplinary rehabilitation planning 
rather than replacing clinical judgment. Interdisciplinary collabo-
ration remains fundamental to the effective implementation of 
metabolically informed rehabilitation systems [ 27 ]. Integration 
across respiratory medicine, critical care, rehabilitation medicine, 

Fig. 9. Integration of rehab robots and metabolite feedback. (A) Real-time metabolic monitoring: This module continuously monitors metabolic status using multimodal 
data, including near-infrared spectroscopy. It provides real-time insights, supporting precise adjustments to therapy, potentially reducing reliance on invasive testing, and 
personalizing care. (B) Closed-loop control mechanism: This system uses real-time physiological and surrogate metabolic data to adjust robotic rehabilitation parameters 
(intensity, frequency, and mode). It supports personalized therapy, improves safety, and helps reduce the risk of metabolic imbalance. (C) Metabolic-synced exercise intervention: 
This intervention combines exercise with respiratory support, monitoring heart rate and SpO2. It may help improve metabolic efficiency, alleviate hypercatabolic tendencies, 
and adjust intervention load according to fatigue signals to support recovery. (D) Dynamic feedback-driven optimization: Using real-time lactate and blood gas data, with 
AI-supported analysis, this approach adjusts exercise parameters. It supports rehabilitation optimization by potentially enhancing metabolic resilience and helping prevent 
overtraining. (E) Metabolomics and AI integration: Metabolomics and AI analyze biofluid biomarkers to predict outcomes and inform adaptive rehabilitation strategies. AI models 
may help detect early signs of metabolic dysregulation, supporting decision-making and therapy optimization. (F) Interdisciplinary collaboration and remote management: 
This system uses multidisciplinary coordination, supported by Internet of Things and cloud platforms, to enable remote rehabilitation. It extends metabolic monitoring and 
rehabilitation management beyond clinical settings, potentially improving rehabilitation continuity and patient outcomes.
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and bioinformatics ensures that robot-assisted metabolic interven-
tions are grounded in physiological rationale and clinical feasibility 
[  90 ]. Through collaborative interpretation of metabolomic and 
physiological data, multidisciplinary teams can jointly tailor reha-
bilitation strategies, enhancing adaptability, responsiveness, and 
individualization of patient management.

   As technological capabilities continue to evolve, remote reha-
bilitation and continuous management strategies are gradually 
being incorporated into the care of critically ill pulmonary patients 
[  91 ]. Supported by Internet of Things infrastructure and cloud-
based data architectures, rehabilitation robot platforms may facili-
tate real-time data exchange and remote clinical oversight. This 
approach extends metabolic monitoring and rehabilitation support 
beyond the inpatient setting and may help support metabolic sta-
bility during post-discharge recovery, potentially reducing read-
mission risk and improving long-term functional outcomes [  92 ]. 
In summary, the application of rehabilitation robots in metaboli-
cally informed rehabilitation for critically ill pulmonary patients 
is transitioning from stand-alone technical assistance toward a 
more integrated supportive care platform. Their combination with 
metabolomics and data-assisted analytical methods reflects a 
gradual shift toward individualized and multidisciplinary rehabili-
tation strategies, offering a clinically grounded pathway to support 
recovery and improve patient quality of life.    

Challenges and Future Outlook

Current challenges and difficulties
   Current research on metabolically informed robotic rehabilita-
tion in critically ill pulmonary patients remains at an early and 
exploratory stage, with limited direct clinical evidence available. 
To date, no randomized controlled trials or systematic reviews 
have specifically evaluated this integrated approach. Existing 
studies have largely focused on robotic rehabilitation and meta-
bolic regulation as separate domains, rather than as a unified 
framework. This fragmentation in the evidence base contributes 
to several key technical and translational challenges that con-
tinue to constrain its clinical implementation. At the system 
level, a major limitation lies in the insufficient capacity for indi-
vidualized intervention. The metabolic status of critically ill 
pulmonary patients is highly heterogeneous, whereas most 
existing rehabilitation robots rely on standardized training pro-
tocols and relatively fixed operational parameters. This mis-
match limits the ability to dynamically adapt rehabilitation 
strategies in response to evolving metabolic conditions, thereby 
constraining the precision and effectiveness of robot-assisted 
metabolically informed rehabilitation [  93 ]. At the sensing level, 
effective metabolic regulation depends on the timely acquisition 
of relevant metabolic indicators. However, current clinical prac-
tice relies predominantly on laboratory-based testing, which is 
associated with delayed feedback, complex workflows, and lim-
ited temporal resolution. These constraints reduce its applicabil-
ity in bedside settings where metabolic fluctuations can occur 
rapidly. In addition, existing sensor technologies remain limited 
in sensitivity, long-term stability, and the ability to capture mul-
tiple parameters simultaneously. Continuous and minimally 
invasive metabolic monitoring systems that can be seamlessly 
integrated into rehabilitation robots have not yet been fully 
established. At the data processing level, even when high-fre-
quency physiological and metabolic data are available, translat-
ing these signals into clinically actionable information remains 
a major challenge. Current analytical frameworks are often 

insufficient to extract meaningful patterns that can directly 
inform adaptive adjustment of rehabilitation parameters [  94 ].

   Although AI-based approaches offer potential advantages in 
data analysis and pattern recognition, their applicability and reli-
ability in the rehabilitation of critically ill pulmonary patients 
remain limited [  95 ]. On the one hand, the development of robust 
algorithmic models requires large-scale, well-annotated, and struc-
turally standardized clinical datasets. In reality, data heterogeneity 
across institutions, inconsistencies in data quality, and constraints 
related to data privacy substantially limit data integration and shar-
ing. On the other hand, many existing models focus primarily on 
macroscopic trend prediction and show limited responsiveness to 
subtle metabolic fluctuations. This limitation reduces their inter-
pretability and restricts their practical value in clinical rehabilita-
tion decision support [  96 ]. From a system perspective, current 
rehabilitation robots continue to face challenges related to integra-
tion level and environmental adaptability, which hinder their wide-
spread deployment in complex clinical environments [  97 ]. In 
bedside settings for critically ill patients, factors such as device size, 
operational complexity, and response latency can substantially 
affect intervention safety and feasibility. In addition, many systems 
still rely heavily on manual parameter adjustment by healthcare 
professionals, rather than automated or semiautomated support, 
which increases workload and introduces potential variability in 
intervention quality [  98 ]. At the control and modeling level, exist-
ing rehabilitation strategies are predominantly based on pre-
defined, task-oriented frameworks that are insufficient to address 
the nonlinear and evolving nature of metabolic changes during 
recovery. In particular, the relationships between metabolic indica-
tors and training load are rarely incorporated into control logic. 
The lack of integrated consideration of multiple physiological and 
surrogate metabolic parameters, including oxygen saturation, lac-
tate concentration, and heart rate variability, further limits the 
development of feedback-informed intervention strategies. As a 
consequence, truly adaptive rehabilitation remains difficult to 
achieve in current systems. This limitation has highlighted the need 
to integrate multimodal physiological and surrogate metabolic 
signals into more interpretable feedback control frameworks, 
which are increasingly regarded as a key direction for improving 
system responsiveness and safety. Such approaches are particularly 
relevant in intensive care settings, where transparency, auditability, 
and clinical supervision remain essential.

   Overall, the application of rehabilitation robots in metaboli-
cally informed rehabilitation for patients with severe pulmonary 
diseases remains at an early exploratory stage. Future progress 
requires coordinated advancement in 3 key areas. First, the devel-
opment of metabolic monitoring technologies capable of provid-
ing multiparameter, real-time, and minimally disruptive feedback 
is essential. Second, intervention strategies must be guided by 
individualized metabolic response characteristics to improve 
adaptability and dynamic adjustment capacity. Third, system-
level integration and intelligent coordination between percep-
tion, analysis, and execution need to be strengthened. Only 
through sustained multidisciplinary collaboration can the clini-
cal potential of rehabilitation robots in metabolic management 
be more fully realized, thereby supporting safer, more precise, 
and effective rehabilitation for critically ill pulmonary patients.   

Workforce readiness and care continuum challenges
   Beyond technical challenges, the real-world scalability and 
accountability of AI-enabled closed-loop rehabilitation systems 
depend critically on two often underdeveloped translational 
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pathways: workforce readiness and continuity of care. Addressing 
these dimensions is essential for bridging the gap between tech-
nological innovation and routine clinical implementation. 
From the perspective of workforce development, the integra-
tion of AI into rehabilitation robotics introduces new compe-
tency requirements for clinicians, nurses, and trainees. These 
evolving demands highlight the need for a structured compe-
tency framework to ensure safe and effective system use. Core 
competencies include foundational AI literacy, recognition of 
algorithmic bias, understanding of model interpretability and 
uncertainty, and awareness of decision boundaries. Building 
on these competencies, clinical teams must also be prepared to 
manage system alerts, interpret human–machine interactions, 
comply with data privacy and regulatory requirements, and 
maintain standardized documentation and auditing practices. 
Such capabilities are particularly critical in intensive care settings, 
where misinterpretation of system outputs may compromise 
patient safety. To support skill acquisition and standardization, 
simulation-based and interprofessional training programs have 
been proposed. These programs may incorporate objective struc-
tured clinical examination-style assessments to evaluate opera-
tional proficiency, clinical interpretation, and safety response. 
From a system safety perspective, clear governance structures 
are required to ensure consistency and reliability across institu-
tions. This includes defining intervention thresholds and escala-
tion pathways, as well as systematically addressing potential 
failure modes such as data drift, sensor malfunction, algorithmic 
bias, and abnormal alerts. Accordingly, fallback protocols should 
be established to enable rapid transition to manual control or 
simplified rule-based strategies when system reliability is com-
promised. Within this context, AI-enabled rehabilitation systems 
are more appropriately implemented within a clinician-in-the-
loop paradigm, emphasizing transparency, auditability, and 
accountability rather than full autonomy.

   In parallel, the clinical value of AI-assisted rehabilitation 
robotics depends on its integration across the continuum of care, 
extending from the ICU to post-discharge recovery. During the 
acute phase in the ICU, AI-assisted systems may support risk 
stratification, assessment against rehabilitation initiation and 
discontinuation criteria, and safety gating, which should be 
aligned with key clinical parameters such as sedation level, delir-
ium status, hemodynamic stability, and oxygenation. During the 
recovery phase, rehabilitation strategies should be coordinated 
with broader metabolic and supportive care domains, including 
nutritional support, glycemic control, sleep regulation, and 
analgesia, with training intensity adjusted according to the 
patient’s current metabolic and physiological tolerance. Beyond 
hospitalization, wearable devices and remote monitoring sys-
tems enable continuous tracking of physiological signals and 
patient-reported outcomes. These data support stratified fol-
low-up, adherence management, and early identification of 
patients at increased risk of readmission. Such integration extends 
metabolically informed rehabilitation beyond the hospital setting 
and contributes to the development of continuous, patient-cen-
tered care pathways.   

Future development direction and  
technology outlook
   Rehabilitation robot technology is gradually demonstrating its 
clinical relevance in the management of critically ill patients with 
pulmonary diseases, particularly in relation to metabolically 
informed rehabilitation strategies. With continued advances in 

interdisciplinary technologies, robot-assisted rehabilitation is 
evolving from a predominantly mechanical intervention approach 
toward a more integrated support framework that incorporates 
metabolic monitoring, data-assisted feedback, and adaptive reha-
bilitation planning [  99 ]. This evolution reflects a broader shift in 
rehabilitation concepts and highlights the increasing impor-
tance of personalization informed by metabolic status in critical 
care rehabilitation.

   At present, rehabilitation robots that integrate physiological 
monitoring systems are capable of capturing dynamic changes in 
patient status and providing continuous physiological data to 
support clinical assessment [  100 ]. This capability enables reha-
bilitation strategies to move beyond static evaluation toward more 
responsive and individualized adjustment. In patients with pul-
monary diseases complicated by respiratory dysfunction and 
systemic metabolic imbalance, such data-informed support may 
assist clinicians in tailoring intervention intensity and pacing 
according to indicators related to fatigue, oxygenation, and energy 
utilization, thereby improving rehabilitation safety and feasibility 
rather than implying fully autonomous optimization [ 14 ].

   Advances in robotic technology are also influencing periopera-
tive and postoperative rehabilitation pathways for patients with 
severe pulmonary diseases. Although surgical robots are primarily 
applied in operative settings, their development has contributed 
to a broader trend toward minimally invasive and precision-ori-
ented treatment strategies [  101 ]. These changes place increased 
emphasis on early postoperative rehabilitation. In this context, 
rehabilitation robots may support structured functional training 
and metabolic management during early recovery phases, with 
the aim of reducing complications and supporting quality of life 
rather than replacing conventional clinical management.

   Future development may focus on enhancing the intelligent 
capabilities of rehabilitation robot systems through the incor-
poration of data-assisted analytical methods [  102 ]. Rather than 
executing fixed intervention programs, such systems may sup-
port the adaptive adjustment of rehabilitation plans based on 
integrated interpretation of metabolic, physiological, and func-
tional data. Multimodal sensing and feedback mechanisms may 
further improve system responsiveness and safety in human–
machine interaction. However, these developments should be 
viewed as incremental advancements rather than fully realized 
autonomous systems.

   The realization of these goals depends fundamentally on 
multidisciplinary collaboration. The convergence of biomedical 
engineering, metabolic physiology, AI research, and clinical 
rehabilitation medicine is expected to drive gradual innovation 
in rehabilitation robot systems [  103 ]. Establishing standardized 
and quantifiable rehabilitation assessment metrics will be 
essential for evaluating intervention effectiveness and facilitat-
ing clinical translation. In parallel, advances in metabolomics 
may provide deeper insight into metabolic dysregulation pat-
terns in critically ill pulmonary patients, thereby offering more 
refined reference information for rehabilitation planning [  104 ].

   Despite ongoing challenges related to cost, system integra-
tion, and individualized adaptation, the role of rehabilitation 
robots in the critical care management of pulmonary diseases 
is expected to expand as technologies mature and clinical expe-
rience accumulates. Advances in wearable sensing technologies 
and data transmission infrastructure may further enable these 
systems to support remote monitoring and post-discharge 
rehabilitation management. Such developments could extend 
metabolically informed rehabilitation beyond hospital settings 
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and contribute to the establishment of continuous, patient-
centered rehabilitation pathways [  105 ]. Within this evolving 
landscape, rehabilitation robotics in metabolic management 
should be viewed not as a fully established therapeutic para-
digm, but as an emerging framework that integrates metabolic 
awareness, clinician-guided decision support, and multidisci-
plinary collaboration. This perspective reflects a gradual transi-
tion from auxiliary technical support toward more integrated 
and context-aware rehabilitation strategies. Further method-
ological refinement and clinical validation will be essential to 
determine the long-term impact of this approach on rehabilita-
tion quality and patient outcomes. Future research should pri-
oritize the development of structured validation frameworks, 
including assessments of feasibility and safety, such as adverse 
events and hemodynamic tolerance, as well as evaluations of 
system usability and nursing workload. In addition, random-
ized controlled trials comparing AI-assisted robotic rehabilita-
tion with standard robotic rehabilitation or usual care will be 
necessary, alongside clearly defined clinical endpoints and 
robust data governance strategies.    

Conclusion
   Metabolic reprogramming has been increasingly recognized as a 
central biological process underlying recovery from severe pul-
monary dysfunction. This process is closely linked to exercise-
induced metabolic adaptations, which contribute to the restoration 
of cellular energy homeostasis and the promotion of protein syn-
thesis. Alterations in metabolic indicators, including lactate, 
amino acids, and short-chain fatty acids, reflect these adaptive 
responses and are involved in the regulation of immune–
metabolic interactions that support tissue repair and pulmonary 
recovery. These interconnected metabolic and immune pro-
cesses highlight a physiologically grounded pathway through 
which rehabilitation interventions may exert therapeutic effects. 
Within this context, rehabilitation robots can be understood as a 
means of delivering controlled and quantifiable exercise stimuli 
that facilitate such metabolic adaptations. When combined with 
metabolic monitoring platforms, these systems enable dynamic 
adjustment of training intensity and frequency based on indi-
vidual physiological responses. This adaptive regulation may help 
maintain energy balance and improve the efficiency of recovery.

   AI-enabled rehabilitation robotic systems have introduced a 
new technical framework for metabolically oriented manage-
ment in critically ill patients with pulmonary diseases. By inte-
grating intelligent sensing, adaptive control, and continuous 
feedback, these systems enable closer coupling between physi-
ological monitoring and individualized therapeutic regulation 
than conventional rehabilitation approaches. By continuously 
collecting and analyzing cardiopulmonary and metabolic param-
eters, rehabilitation robots can support the delivery of sustained 
and quantifiable training stimuli that promote muscle activa-
tion, a process that has been associated with improvements in 
mitochondrial function and substrate utilization, including glu-
cose and lipid metabolism. Collectively, these functions may 
contribute to the maintenance of systemic metabolic homeosta-
sis, modulation of inflammation-related metabolic stress, and 
functional recovery of respiratory and skeletal muscle systems. 
Looking ahead, rehabilitation robots are expected to gradually 
extend beyond mechanical assistance toward more integrated 
systems that combine metabolic monitoring, multimodal 
sensing, and data-informed decision support. Their capacity 

for individualized feedback, continuous data acquisition, and 
data-driven adaptation establishes a foundation for precision 
rehabilitation within critical care. The convergence of robotics, 
bioinformatics, systems physiology, and clinical medicine will 
further advance this field, leading to an interconnected, patient-
centered framework for metabolic rehabilitation. This evolving 
paradigm highlights the potential role of interdisciplinary col-
laboration in advancing metabolic-oriented rehabilitation strat-
egies for pulmonary critical illness and provides a conceptual 
reference for future research and clinical exploration.   
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