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Abstract
Background
Effective motor task execution relies on precise muscle coordination, which is often disrupted after a stroke, leading to impaired motor functions. Post-stroke, alterations in intermuscular coordination, including abnormal coupling of shoulder abductor muscles, are commonly observed and contribute to these impairments. Traditional rehabilitation often overlooks this complex intermuscular coordination, and there is a need for intuitive strategies to modify abnormal muscle synergies.

Objective
This study introduced a novel “muscle-to-action mapping” approach to alter activation profiles of stroke affected muscle synergies. Muscle-to-action mapping trains complex muscle synergies by mapping them to intuitive motions or force directions. By mimicking target actions, patients can achieve desired muscle activation patterns. The feasibility of this approach for correcting abnormal intermuscular coordination and improving force control during reaching was tested in stroke survivors.

Methods
A force tracking training system using muscle-to-action mapping was developed to modify abnormal synergy activation profiles during isokinetic reaching tasks. The system guided muscle activation by predicting the direction of endpoint force needed to activate specific muscle synergies, deviating from habitual patterns. The system's effectiveness was evaluated in eleven chronic stroke survivors, measuring changes in muscle synergies, endpoint force control, and clinical assessment scores.

Results
The intervention significantly enhanced targeted muscle synergy activations and endpoint force control, demonstrating the training’s ability to induce desired muscle synergy activation profiles through muscle-to-action mapping. The overall structure of muscle synergies remained mostly unchanged post-training, highlighting the potential to modify activation profiles without altering synergy vectors. Functional improvements were reflected in the Fugl-Meyer Assessment for the Upper Extremity and Wolf Motor Function Test scores, which increased by 3.36 and 6.45 points, respectively.

Conclusion
This study validates muscle-to-action mapping for training muscle synergy activation profiles in stroke survivors. Using a biomechanical model to generate endpoint forces, this method effectively altered synergy activation profiles and improved force control during reaching tasks, leading to clinical improvements. These findings indicate that muscle-to-action mapping could be a valuable addition to stroke rehabilitation, offering an intuitive method for enhancing intermuscular coordination and motor recovery.
Trial registration: Registered in Clinical Research Information System of Korea National Institute of Health (KCT0005803).
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Background
The successful execution of motor tasks is fundamentally reliant on the precise coordination of muscle activations [1–3]. The analysis of intermuscular coordination has been grounded in the concept of muscle synergies, the balance of multiple muscles activations frequently co-activated as a motor module during specific motor tasks. Muscle synergies consist of synergy vectors, which represent specific patterns of muscle activation weights, and their associated activation profiles, which are the time-varying coefficients that represent when and to what extent these synergy vectors are activated to produce coordinated movements. Previous studies have suggested that the formation of these muscle synergies stems from various neuroanatomical structures and mechanisms, such as interneuron networks within the central nervous system that transmit motor commands to multiple muscles, and the distributed representations of muscles within the motor cortex [4–6]. Such neural underpinnings suggest that any reorganization of the brain, whether due to motor learning or neurological injury, could influence both the structure and activation profile of muscle synergy vectors.
In the context of sports, training among elite athletes showcases positive neural adaptations, where muscle synergies are fine-tuned for enhanced performance [7–9]. Differences in synergy vectors and activation profiles observed between elite and amateur athletes illustrate the capability of targeted training to reinforce neural pathways, leading to optimized kinematic outputs. For example, certain muscle synergies exclusive to elite runners were associated with improved running efficiency, while elite and amateur swimmers and archers exhibited comparable synergy vectors, differing primarily in activation timing [9–11].
Conversely, in the field of neurorehabilitation, changes in muscle synergies following a stroke are associated with compromised motor functions in affected limbs [12–14]. These impairments manifest as alterations in synergy number, vector composition, and activation profiles [14–19], reflecting the interdependent nature of these components. Our previous study demonstrated that while stroke survivors exhibited one fewer synergy than neurologically intact individuals (stroke: 4 vs control: 5) under constrained isokinetic reaching conditions, standardizing synergy extraction to five revealed comparable synergy vectors between groups [20]. However, stroke participants still displayed distinct abnormalities in synergy activation that were linked to unintended force coupling during reaching tasks [21]. Similarly, other studies have shown that stroke-affected upper limbs tend to exhibit increased co-activation of shoulder abductor muscles, including the anterior, middle, and posterior deltoid muscles [15, 16, 20]. In response to these challenges, researchers have identified key rehabilitation goals for improving intermuscular coordination in stroke-affected upper limbs [17, 20]: (1) modifying synergy vectors to reduce the coupling of the shoulder abductor muscles, (2) adjusting the activation profiles of stroke-affected synergies, and (3) modifying both synergy vectors and associated activation profiles.
Rehabilitating abnormal muscle synergy patterns poses significant challenges due to the complex and unconscious nature of human motor control [17, 22, 23]. Effective rehabilitation requires methods that can intuitively facilitate the simultaneous coordination of multiple muscle activations. Previous studies have effectively utilized myoelectric feedback to modify muscle synergy vectors and reduce undesirable co-activation post-stroke, although its application has primarily focused on de-coupling muscles pairs [24–26]. Additionally, interventions combining movement exercises with robotic assistance and functional electrical stimulation have shown efficacy in indirectly altering abnormal muscle synergies and improving motor functions [17, 23, 27]. Despite these advancements, directly modifying the activation profiles without causing unintended changes in synergy vectors remains challenging, partly because it requires adjusting the timing of coordinated activation patterns involving a large number of muscles. Moreover, direct myoelectric feedback can become increasingly complex when training multiple coordinated muscle activations, as it requires users to consciously control individual muscles. Therefore, there is a necessity for methods that provide intuitive feedback to train the coordinated activation of multiple muscles.
To address these challenges, we propose an intuitive intervention paradigm termed “muscle-to-action mapping.” This approach maps desired muscle activity patterns to specific actions, such as movement or endpoint force of a limb. Unlike traditional myoelectric feedback, which requires participants to consciously adjust individual muscle activations, muscle-to-action mapping enables them to engage a target synergy activation pattern by modulating an action-based target. Muscle-to-action mapping-based training begins by establishing the desired changes in synergy vectors or activation profiles of the stroke-affected muscle synergies. A biomechanical simulation model estimates an output kinematic or kinetic action generated by the activation of specific muscle synergies, creating an action-based target that participants use for training. These estimated action patterns serve as intuitive training targets that can be easily visualized. With muscle-to-action mapping-based guidance, stroke survivors can learn to adjust their muscle synergies by mimicking specific actions rather than consciously controlling individual muscle activations. Given the redundancy in the human musculoskeletal system, constraining upper limb postures during reaching movements is necessary to effectively induce the target muscle activation pattern.
The current study aimed to develop a force-tracking training system based on muscle-to-action mapping for improving neuromuscular coordination, specifically designed for modifying abnormal synergy activation profiles during isokinetic upper limb movements post-stroke. The training system employs a game interface where participants modulate their upper limb synergies by tracking a three-dimensional endpoint force direction, guided by a biomechanical model that predicts endpoint force based on muscle activation and limb posture. The efficacy of this system was evaluated in a study involving eleven chronic stroke survivors over 18 training sessions, assessing changes in muscle synergy vectors, activation profiles, endpoint force control, and clinical evaluation scores.

Methods
Participants
Eleven adults who had experienced chronic stroke participated in this study. The stroke survivors were screened based on the following inclusion criteria: (1) ages ranging from 20 to 65 years, (2) hemiplegia in the upper limb, (3) absence of concurrent neurologic or orthopedic conditions besides stroke, and (4) adequate ranges of motion in the more-affected limb to execute experimental tasks (shoulder flexion: 45 degrees; shoulder abduction: 40 degrees; elbow extension: 40 degrees). Experienced occupational and physiotherapists assessed clinical motor impairment of the participants’ more-affected upper limbs using the Fugl-Meyer Assessment of upper extremity (FMA-UE, [28]). Based on the FMA-UE scores, the stroke survivors were categorized into mild (FMA-UE: 51 or above out of 66), moderate (from 31 to 50), and severe (30 or below) impairment groups. Demographic details of the participants are provided in Table 1. This study was approved by the institutional review boards of Korea Advanced Institute of Science and Technology (KH2020-180) and National Rehabilitation Center of South Korea (NRC-04-036). Prior to participant recruitment, this study was registered in the Clinical Research Information System (CRIS) of Korea National Institute of Health (KCT0005803). All recruited participants provided informed consent for their voluntary participation in this study.Table 1Participant demographics


	Severity of motor impairment
	Mild
	Moderate
	Severe

	Number of subjects
	4
	3
	4

	Sex
	2 Male, 2 Female
	2 Male, 1 Female
	4 Male

	Months after onset of stroke
	Mean: 32
SD: 40
Range: 8–92
	Mean: 39
SD: 31
Range: 9–70
	Mean: 99
SD: 51
Range: 30–151

	Affected arm
	3 Left, 1 Right
	1 Left, 2 Right
	2 Left, 2 Right

	FMA-UE
(out of 66)
	Mean: 56
SD: 4
Range: 52–60
	Mean: 41
SD: 4
Range: 38–45
	Mean:23
SD: 5
Range: 17–29


This table summarizes the demographic details of participants, organized into groups according to severity of motor impairment
SD: standard deviation




Targeting stroke-specific muscle synergies
The proposed training aimed to target the stroke-specific co-activation of upper limb muscle synergies. According to our latest publications [20, 21], we observed that when matched to five synergies, the dominant limbs of neurologically intact people and the more-affected limbs of chronic stroke survivors manifested comparable synergy vectors but different activation profiles under isokinetic conditions while pushing or pulling a handle at a constant speed in six orthogonal directions in a three-dimensional space. This observation suggests that although the upper limb muscles are used in similar combinations post-stroke, there are differences in the activation timing and magnitude (Fig. 1). Our analysis revealed five muscle synergies underlying the coordination of thirteen muscles related to shoulder and elbow movements: elbow flexor (EF), elbow extensor (EE), shoulder flexor/abductor (SF/Ab), shoulder extensor/abductor (SE/Ab), and shoulder flexor/adductor (SF/Ad). Notably, the stroke-affected upper limbs exhibited two distinct synergy co-activation patterns: EF with shoulder abductor (SF/Ab or SE/Ab) synergy, and EE with SF/Ad synergy. The abnormalities observed in synergy activation profiles led to abnormal correlations between the orthogonal components of the three-dimensional endpoint force vector. This observation was manifested as coupling (i.e., a three-dimensional force generation along unintended directions due to simultaneous appearance of one-dimensional force components) among anterior, medial, and inferior forces, as well as coupling among posterior, lateral, and superior forces [21].[image: ]
Fig. 1Muscle synergies underlying coordination of shoulder and elbow-related muscles during isokinetic reaching (reproduced from [20]). The figure illustrates the mean muscle weights of muscle synergy vectors and the mean activation profiles for each group, encompassing six reaching movements executed in a seated posture. Yellow boxes denote activation of the elbow extensor (EE) synergy during anterior, lateral, and inferior movements, while blue boxes denote activation of the elbow flexor (EF) synergy during posterior, medial and superior movements. Upward arrowheads represent increased activation of the shoulder-related (SF/Ab, SE/Ab and SF/Ad) muscle synergies in the stroke group compared to the controls, whereas the downward arrowheads represent decreased activation of those synergies. In the more-affected upper limbs of the stroke survivors, the shoulder abductor (SF/Ab and SE/Ab) synergies were activated less during elbow extension, while activation of the shoulder adductor (SF/Ad) synergy increased. On the other hand, activation of the SF/Ab and SE/Ab synergies increased, or activation of the SF/Ad synergy decreased during the movements involving elbow flexion. UT: upper trapezius; LT: lower trapezius; SS: supraspinatus; IS: infraspinatus; PM: pectoralis major; MD: middle deltoid; AD: anterior deltoid; PD: posterior deltoid; Tlo: long head of triceps brachii; Tla: lateral head of triceps brachii; Bic: biceps brachii; Brd: brachioradialis; Brc: brachialis; Ant: anterior; Pos: posterior; Med: medial; Lat: lateral; Sup: superior; Inf: inferior


The training tasks were designed to practice combinations of upper limb muscle synergies present in neurologically intact individuals to counteract the stroke-specific co-activations of the muscle synergies while reaching in six orthogonal directions. To define these targets, we first identified the essential synergy for each movement as the primary synergy required to execute the reaching task in both neurologically intact individuals and stroke survivors (e.g., elbow extension to reach anteriorly; Table 2) [20, 21]. In neurologically intact individuals, a control-specific synergy was consistently co-activated with the essential synergy to refine movement and ensure force production aligned with the intended direction. In contrast, stroke participants exhibited a stroke-specific synergy, which was co-activated with the essential synergy instead of the control-specific synergy, leading to unintended force misalignment. To address this, our training approach aimed to restore more functional synergy activation patterns by promoting the activation of the control-specific synergy. By reinforcing its co-activation with the essential synergy, we sought to counteract stroke-specific co-activations and improve force direction control during reaching tasks.Table 2Selection of target control-specific muscle synergies


	Movement direction
	Essential synergy activation
	Control-specific synergy activation

	Anterior
	EE
	SF/Ab

	Posterior
	EF
	SF/Ad

	Medial
	SF/Ad
	EF

	Lateral
	SF/Ab and SE/Ab
	EE

	Superior
	EF
	SF/Ad

	Inferior
	EE
	SE/Ab


The essential synergy activation and control-specific synergy activation that oppose the stroke-specific co-activation patterns of the muscle synergies are listed for each movement direction




Muscle-to-action mapping-based training of abnormal synergy activation profiles
To intuitively guide participants toward activating the target muscle synergies, a biomechanical model was used to map synergy activation patterns onto specific endpoint force directions during reaching tasks. These force directions were displayed as visual targets, allowing participants to modulate their force output and engage the desired synergy activation pattern without consciously controlling individual muscle activations.
According to the proposed muscle-to-action mapping-based training scheme for stroke-affected intermuscular coordination (Fig. 2), force-guidance was implemented by mapping the control-specific synergy activation onto a cursor position representing endpoint force direction. Since upper limb motion was constrained to straight-path reaching at a constant speed (i.e., isokinetic condition), endpoint force was used to guide the muscle activations. Participants were instructed to modulate the endpoint force at the handle toward the target direction, thereby intentionally deviating from their habitual muscle activation patterns and activating the target muscle synergy.[image: ]
Fig. 2Scheme of muscle-to-action mapping-based training of abnormal muscle synergies after stroke. Based on an analysis of existing muscle synergies in the more-affected limb, target changes in muscle synergy vectors ([image: $$\Delta \text{W})$$] or activation profiles ([image: $$\Delta \text{C}$$]) are configured. These target changes in muscle synergies are utilized in a biomechanical model to estimate target action patterns, such as endpoint force ([image: $$\Delta \text{F})$$] or joint rotations ([image: $$\Delta \text{M})$$]. The resultant actions ([image: $$\text{F}{\prime}$$] or [image: $$\text{M}{\prime}$$]), obtained by adding the estimated changes in actions to habitual (i.e., pre-training, [image: $$\text{F}$$] or [image: $$\text{M}$$]) actions, are assigned as training tasks. Following a specific period of training, the modified muscle synergies are evaluated to update the target changes in muscle synergies


The target force direction was obtained by predicting the endpoint force generated by the activation of the dominant muscles of the target control-specific muscle synergy using a biomechanical simulation model. The target endpoint force direction ([image: $$\overrightarrow{{F}_{tg}}$$]) was obtained by summing directions of the habitual endpoint force during the movement ([image: $$\overrightarrow{{F}_{hab}}$$]) and the endpoint force generated by activation of the target muscle synergy ([image: $$\overrightarrow{{F}_{syn}}$$]) using Eq. 1,[image: $$\overrightarrow{{F}_{tg}}(t)=\left(\overrightarrow{{F}_{hab}}(t)+ \alpha \times \overrightarrow{{F}_{syn}}(t)\right) / \Vert \left(\overrightarrow{{F}_{hab}}\left(t\right)+ \alpha \times \overrightarrow{{F}_{syn}}(t)\right)\Vert$$]

 (1)


where the weighting factor [image: $$\alpha$$] represented the level of difficulty of training. Setting of higher [image: $$\alpha$$] requires larger activation of the target muscle synergy during reaching to match the force target. [image: $$\overrightarrow{{F}_{hab}}$$] was measured from baseline reaching movements prior to each training session, while [image: $$\overrightarrow{{F}_{syn}}$$] was estimated as the force direction generated by two dominant muscles (i.e., muscles of the largest muscle weights) of the target synergy. For details of the estimation model, see Additional File 1. The resultant endpoint force direction was obtained by summing the estimated forces of these two muscles, each weighted by their respective muscle weights from the mean neurologically intact muscle synergies.
In the preliminary round of clinical trials, one participant from each of the mild, moderate, and severe impairment groups (S001–3) was recruited to check potential differences in the estimation of [image: $$\overrightarrow{{F}_{syn}}$$] which might arise depending on the severity of motor impairment. To create individual force prediction models, endpoint force, electromyography (EMG), and kinematic data were obtained during the isokinetic reaching tasks in the six orthogonal directions prior to the training. To validate the individual force prediction models, the endpoint force was estimated from the collected EMG and kinematic data and compared with actual force data. The force prediction performance was evaluated in terms of uncentered determinant and correlation coefficients ([image: $${\text{r}}^{2}$$] and [image: $$\uprho$$], respectively). The individualized model could estimate the actual endpoint force within an acceptable error range of [image: $${\text{r}}^{2}=0.918\sim 0.959$$] and [image: $$\uprho =0.952\sim 0.979$$] (anterior–posterior force), [image: $$0.934\sim 0.986$$] (medial–lateral force), and [image: $$\uprho =0.906\sim 0.968$$] (superior-inferior force). The detailed results are summarized in Additional File 1. Prediction of [image: $$\overrightarrow{{F}_{syn}}$$] was comparable across the models, and subsequent training utilized the representative model for each impairment group member. Although [image: $$\overrightarrow{{F}_{syn}}$$] exhibited deviations as upper limb postures changed during reaching, the mean force directions predicted for each training condition using the three individual models are illustrated in Fig. 3 for the sake of simplicity.[image: ]
Fig. 3Endpoint force directions predicted from the control-specific synergies activations for six training conditions. The top row includes training based on reaching movements in anterior, posterior, and medial directions, while the bottom row includes training focused on lateral, superior, and inferior movements. For each movement, the upper graph depicts endpoint force direction in the anterior–posterior and medial–lateral plane. The lower graph illustrates the force direction in the superior-inferior and medial–lateral plane



Training setup and protocol
An end-effector type apparatus, as proposed in ref. [29], was utilized for implementing isokinetic reaching movements in both the proposed force tracking training and the muscle synergy assessment (Fig. 4A). The apparatus employed a linear actuator to constrain the handle, ensuring its movement at a constant speed along a straight line. A six degrees of freedom force/torque sensor was integrated with the handle and collected three-dimensional endpoint force. Participants performed the isokinetic reaching movements by pushing or pulling the force-sensing handle along the linear actuator. The actuator was capable of three-dimensional rotation, thereby enabling upper limb movements in the six orthogonal directions. During both assessment and training sessions, EMG signals were collected for the muscle synergy assessment and real-time monitoring of muscle activation, respectively. Eight wireless EMG electrodes (Quattro, Delsys Inc., MA, USA) were placed on the bellies of the following muscles: (1) biceps brachii; (2) brachioradialis; (3, 4) long and lateral heads of triceps brachii; (5–7) middle, anterior, and posterior heads of deltoid; (8) clavicular head of pectoralis major. For each repetition of the reaching movements, the default reaching distance was set at 200 mm. However, if a participant could not reach the 200 mm distance, it was adjusted accordingly. Initial hand positions are illustrated in Fig. 4B.[image: ]
Fig. 4Training setup and protocol. A Training setup consists of three components: a mechanical apparatus for implementing isokinetic reaching movements, training interfaces, and EMG sensors. B The mechanical apparatus features a force-sensing handle that moves along a linear actuator. The actuator was rotated in a three-dimensional space to implement reaching movements in the six orthogonal directions (anterior, posterior, medial, lateral, superior, and inferior directions). For each movement direction, the initial and final positions of the handle were aligned with the participant. C Two training interfaces were developed. The participant interface provided visual feedback on the three-dimensional endpoint force direction. The participant modulated a force cursor (e.g., represented as a crosshair) by controlling the endpoint force direction to hit a force target (e.g., a meteor). During training, the experimenter set parameters to configure a training task, monitored EMG and endpoint force signals in real-time, and provided verbal instructions. D EMG signals were collected from eight major muscles involved in shoulder and elbow movements. E A participant underwent 18 training sessions and two assessment sessions—pre- and post-training—for three weeks. Each training session was divided into three blocks, varying in training time (5–10 min), and reaching speed (20–40 mm/s). In subsequent blocks, the training was conducted at slower speeds to increase intensity, as participants had to maintain the endpoint force direction for a longer time while reaching the same distance. After completing each block, a five-minute break was given


Two user interfaces were developed for visual feedback of the participants’ training performance: one for the experimenter and another for the participants (Fig. 4C). The experimenter’s interface facilitated the setup of training parameters (such as movement direction, target synergy, reaching distance, difficulty, and training time) and enabled the real-time monitoring of both EMG and endpoint force signals. Experimenters used this interface to monitor live EMG signals and provide verbal feedback to ensure participants correctly activated the target synergies while minimizing stroke-specific synergy co-activations. The participant’s interface provided visual feedback on the actual direction of three-dimensional endpoint force (i.e., a force cursor), alongside the target force direction (i.e., a force target). Participants used this interface to align the force cursor with the force target by modulating the endpoint force direction. Additionally, a force magnitude display was incorporated to encourage the participants to gradually adjust muscle activation while maintaining the endpoint force magnitude within a training session.
The training protocol encompassed 18 training sessions, each lasting 25 min (excluding breaks) conducted over three weeks with six sessions per week (i.e., one to two sessions per day). Additionally, pre- and post-training assessment sessions were included to evaluate upper limb muscle synergies and endpoint force control (Fig. 4E). During the assessment sessions, participants performed isokinetic upper limb movements for six repetitions in each of the six orthogonal directions. They were instructed to generate the maximum endpoint force strictly along the movement directions, reaching a distance of 200 mm at a speed of 30 mm/s. No force or EMG feedback was provided during the assessment sessions to objectively assess participants' ability to execute the reaching tasks independently after training. Only the reaching distance was displayed on the screen. In addition to the biomechanical evaluations, experienced occupational and physiotherapists assessed clinical outcomes of the proposed training using the FMA-UE score and the functional ability scale of Wolf Motor Function Test (WMFT-FAS, [30]).
For each training session, the experimenter assigned movement in one of the six orthogonal directions based on the severity of abnormal force control observed during pre-assessment. Consequently, participants without abnormal force coupling in a specific direction did not receive training for that directional movement. Table 3 summarizes the number of training sessions in each reaching direction. Each training session was structured into three blocks. To progressively elevate the difficulty and duration of the target muscle synergy activation, the movement speed decreased in each subsequent block as follows: in Block 1, 40 mm/s; in Block 2, 30 mm/s; and in Block 3, 20 mm/s. A slower movement speed made it more difficult to complete the force tracking training, requiring participants to maintain the endpoint force for longer durations. Therefore, the first two blocks lasted ten minutes each, with the third block lasting five minutes. A five-second break followed each repetition, and a five-minute break was given after completing each block. All participants were able to complete the training using breaks as needed, except in one instance where a participant was unable to adhere to the training protocol in one direction, leading to the omission of that directional data from the analysis.Table 3The number of training sessions in each direction


	Participants
	Group
	Movements assigned for training

	Ant
	Post
	Med
	Lat
	Sup
	Inf

	S001
	Moderate
	6
	–
	–
	6
	6
	–

	S002
	Mild
	8
	–
	2
	8
	–
	–

	S003
	Severe
	5
	1
	1
	1
	5
	5

	S004
	Mild
	1
	10
	–
	1
	–
	6

	S005
	Severe
	5
	2
	2
	5
	2
	2

	S006
	Severe
	7
	3
	–
	3
	2
	3

	S007
	Mild
	-
	10
	–
	4
	–
	4

	S008
	Mild
	3
	8
	–
	4
	–
	3

	S009
	Moderate
	-
	–
	4
	4
	10
	–

	S010
	Severe
	3
	3
	3
	3
	3
	3

	S011
	Moderate
	4
	4
	–
	10
	–
	–


The number of training sessions for each movement direction is listed per participant. Although the total training dosage was 18 sessions, the frequency per direction was assigned based on the pre-assessment results
Ant: anterior; Post: posterior; Med: medial; Lat: lateral; Sup: superior; Inf: inferior




Data analysis
Muscle synergies underlying the activation of the eight elbow and shoulder muscles were identified through non-negative matrix factorization (NNMF, [31]). Prior to NNMF analysis, the EMG signals were denoised using band-rejection (5th-order Butterworth, cut-off: 55–65 Hz), low-pass (5th-order Butterworth, cut-off: 450 Hz), and high-pass (3rd-order Butterworth, cut-off: 30 Hz) filters [32]. The filtered signal was demeaned by subtracting the median value. The EMG envelope was obtained by applying a low-pass filter (5th-order Butterworth, cut-off: 1 Hz) after full-wave rectification. Finally, the mean value of the EMG envelope during the baseline period was subtracted. The processed EMG data were resampled using linear interpolation to match 4000 data points across trials, concatenated across trials, and normalized by the maximum value of each muscle. To determine the appropriate number of muscle synergies, we applied the same synergy selection criteria as in our previous study [20]. This step was taken to confirm whether stroke participants in the current study exhibited a similar number of synergies as those in our prior study before standardizing the synergy number for further analysis. NNMF was repeated 100 times, and the solution with the highest variance accounted for (VAF) was selected as the optimal decomposition to ensure robustness.
To quantify changes in intermuscular coordination induced by the training, we first evaluated the similarity of synergy vectors between pre- and post-training conditions. The pre- and post-training muscle synergies were matched to reference synergies (EE, EF, SF/Ab, SE/Ab, and SF/Ad) based on the lowest squared difference between the synergy vector weights. The similarity of a pair of synergy vectors was then determined as the cosine similarity of corresponding synergy vectors between the pre- and post-training muscle synergy sets. The mean similarity values derived from the muscle synergy vector sets were compared to a threshold representing similarity by chance, which was established using sets of five random vectors sampled from the pre- and post-training EMG data. A similarity value of 0.79 was determined as the 95th percentile threshold; any similarity exceeding this value would indicate that the pre- and post-training synergy vectors could be considered highly similar. For a comprehensive description of this methodology, including the detailed process of generating EMG-based random vectors and determining the similarity threshold, please refer to our previous publication [20].
A synergy activation score was created to evaluate the activation of the desirable muscle synergies influenced by the training as shown in Eq. (2). The mean area under the activation profiles of the target and essential synergies ([image: $${{\varvec{A}}}_{{\varvec{t}}{\varvec{a}}{\varvec{r}}}$$] and [image: $${{\varvec{A}}}_{{\varvec{e}}{\varvec{s}}{\varvec{s}}}$$], respectively) was multiplied by the training dosage in that direction divided by the total number of training sessions ([image: $$\frac{{{\varvec{X}}}_{{\varvec{d}}{\varvec{o}}{\varvec{s}}{\varvec{a}}{\varvec{g}}{\varvec{e}}}}{18}$$]). This approach eliminated synergy activation scores for untrained movement directions, allowing us to focus solely on changes due to the training. Multiplying the scores by the dosage emphasized the directions that were trained more intensively and naturally excluded scores for untrained directions (where dosage = 0). This resulted in six scores, one for each movement direction. Due to the variability in training dosages among participants, we averaged these six scores for each participant, facilitating a more standardized comparison of the overall training effect. The synergy activation score ranged from 0 to 100.[image: $$Synergy\, Activation\, Score=\left(\frac{{A}_{tar}+{A}_{ess}}{2}\right)*\frac{{X}_{dosage}}{18}$$]

 (2)



The control of three-dimensional endpoint forces pre- and post-training was evaluated by a force control score as shown in Eq. (3). The area under the force curve in the target direction ([image: $${{\varvec{F}}}_{{\varvec{t}}{\varvec{a}}{\varvec{r}}}$$]) was rewarded while the area under forces in the other two orthogonal directions ([image: $${{\varvec{F}}}_{{\varvec{n}}{\varvec{o}}{\varvec{n}}{\varvec{t}}{\varvec{a}}{\varvec{r}}}$$]) were penalized. This index was designed to assess the changes in undesired force coupling due to the training. Similar to the activation score, the training dosage ratio in the respective direction ([image: $$\frac{{{\varvec{X}}}_{{\varvec{d}}{\varvec{o}}{\varvec{s}}{\varvec{a}}{\varvec{g}}{\varvec{e}}}}{18}$$]) was multiplied, and the mean directional scores of each participant was calculated. The force control score ranged from − 100 to 100. Additionally, the association between the changes in synergy activation and force control was assessed by examining the correlation between the changes in the scores after training.[image: $$Force\, Control\, Score=\left({F}_{tar}-\frac{\sum {F}_{nontar}}{2}\right)*\frac{{X}_{dosage}}{18}$$]

 (3)



The changes in clinical assessment scores were evaluated using the FMA-UE and the WMFT-FAS. To explore the relationship between the modifications in muscle synergy activation profiles and specific clinical outcomes, we searched for strong correlations (defined as over 0.7) between the synergy activation scores and clinical sub-scores.
The Wilcoxon Signed-Rank Test was used to compare the medians of synergy activation, force control, and clinical assessment scores pre- and post-training. Additionally, Pearson's correlation coefficient was used to assess the correlation between the changes in synergy activation scores and force control scores. A significance level of 0.05 was used for all statistical tests. Statistical analyses were performed using MATLAB.


Results
Muscle synergy composition and activation profiles
From the NNMF analysis, among the 11 subjects, 8 exhibited 4 synergies, 2 exhibited 5 synergies, and 1 exhibited 6 synergies, yielding a mean of 4.36. These findings closely align with our previous study, which included 16 subjects, where 11 had 4 synergies, 4 had 5 synergies, and 1 had 6 synergies, with a mean of 4.38 [20]. Following our previous methodology, we standardized synergy extraction to five synergies and confirmed that the synergy vectors in the stroke participants remained comparable to those of controls (Fig. 1).
From the NNMF analysis, five muscle synergies were obtained to account for a majority of EMG variance (VAF: 0.98 ± 0.01; mean ± standard deviation). Additionally, the percent change in VAF from pre- to post-training for five muscle synergies was less than 1%, confirming that the number of synergies remained stable throughout the intervention. Figure 5 shows a representative set of the muscle synergy vector similarity, activation scores, and force control scores collected from a single participant. The synergy activation scores across all participants pre- and post-training (7.87 ± 3.29 and 9.12 ± 3.64, respectively) showed a statistically significant increase (p < 0.05) in the desired muscle synergy activations following the intervention (Fig. 6A). The synergy vectors had a mean similarity of 0.87 ± 0.1, which exceeded the threshold value of 0.79. This indicates that the training did not substantially alter the composition of the muscle synergy vectors (Fig. 6B). This consistency in muscle synergy vectors suggests that only the activation profiles of synergy vectors were primarily influenced by the intervention.[image: ]
Fig. 5Example of training program, muscle synergy vectors, activation profiles, and endpoint forces pre- and post-training for one participant. Attributes of muscle synergies pre- and post-training are depicted in grey and orange, respectively. A Training program assigned to one participant with moderate severity. The table outlines the training movements and corresponding dosage, essential synergies, and control-specific synergies. B Muscle synergy vectors from the pre- and post-training assessment. The weight similarity scores for each synergy are shown on the right. C Synergy activation profiles from the pre- and post-training assessment. The essential and control-specific synergies are outlined in blue and green, respectively, for each of the trained directions. Arrows depict increases or decreases in activation levels of each synergy. The synergy activation scores for each of the trained movement directions are shown on the bottom, and the collective mean score is shown to the right. D Endpoint forces from the pre- and post-training assessment. The target and non-target directions are outlined in green and red, respectively, for each of the trained directions. Arrows depict increases or decreases in force of each direction. The force control scores for each movement direction are shown on the bottom, and the collective mean score is shown to the right. Bic: biceps brachii; Brd: brachioradialis; Tlo: long head of triceps brachii; Tla: lateral head of triceps brachii; PM: pectoralis major; MD: middle deltoid; AD: anterior deltoid; PD: posterior deltoid; Ant: anterior; Post: posterior; Med: medial; Lat: lateral; Sup: superior; Inf: inferior

[image: ]
Fig. 6Training-induced changes in muscle synergy, force control, and clinical evaluations. Pre- and post-training conditions are shown in grey and orange, respectively. The mild, moderate, and severe impairment groups are colored in red, green, and blue, respectively. Asterisks indicate statistical significance. A Mean muscle synergy activation scores pre- and post-training with error bars indicating standard deviation. B Mean muscle synergy vector similarity scores across trained muscle synergies, with error bars indicating standard deviation. C Mean force control scores pre- and post-training with error bars indicating standard deviation. D Correlation between synergy activation and force control scores across mild, moderate, and severe impairment groups. The dotted line indicates the best fit trend line. E FMA-UE clinical scores pre- and post-training for mild, moderate, and severe impairment groups with dotted lines showing best fit trends for each group. F WMFT-FAS clinical scores pre- and post-training for mild, moderate, and severe impairment groups with dotted lines showing best fit trends for each group



Force control
The analysis of the mean force control scores revealed a statistically significant reduction (p < 0.01) in abnormal force couplings during reaching tasks (Fig. 6C). This pre- to post-training improvement from 19.47 ± 12.2 to 23.73 ± 12.65 suggests that participants learned to better direct their forces towards the targets, thus reducing unintentional force generation in non-target directions after the isokinetic exercise. The relationship between improvements in synergy activation and force control was also observed (Fig. 6D). A strong correlation (r = 0.85, p < 0.01) indicated a statistically significant link between the two training outcomes. Notably, this correlation was independent of the participants' stroke impairment severity, highlighting the intervention's efficacy across various degrees of motor impairment after stroke.

Clinical evaluations
Clinical evaluations using the FMA-UE and WMFT-FAS provided robust evidence of the observed functional improvements. The FMA-UE scores demonstrated a statistically significant increase, averaging 3.36 ± 2.8 (p < 0.01; Fig. 6E), while the WMFT-FAS scores exhibited an even more pronounced statistically significant enhancement, with a mean increase of 6.45 ± 4.78 (p < 0.01; Fig. 6F). Furthermore, the changes in activation scores showed a strong correlation (r = 0.76) with the WMFT-FAS item “6. Hand to box,” a task that closely mirrors the forward-reaching movements emphasized in the training. In contrast, other clinical sub-scores exhibited moderate to low correlations (r = 0–0.66) with changes in activation scores.


Discussion
The current study introduced a muscle-to-action mapping approach to improve motor control by modifying the activation profiles of abnormal stroke-affected muscle synergies. We developed a force-tracking, rehabilitation training system that used muscle-to-action mapping to test whether desired muscle activity patterns can be induced in chronic stroke survivors by generating the corresponding endpoint force in three-dimensional space. The intervention significantly increased the magnitude of targeted muscle synergy activations and improved endpoint force control during isokinetic reaching. These results confirm that muscle-to-action mapping is an effective and intuitive method for altering muscle synergy activation profiles, leading to both functional and clinical improvements in chronic stroke survivors.
By integrating muscle-to-action mapping into isokinetic exercises, we built upon our prior research that identified a positive link between stroke-affected upper limb muscle synergies and abnormal endpoint force control [20, 21]. Unlike traditional force feedback training methods, our approach utilized a biomechanical model to establish force targets corresponding to specific muscle synergies. By mapping these intermuscular coordination patterns to actions that are intuitive to follow, this approach successfully addressed the challenge of simultaneously providing live feedback recorded from multiple muscles [22]. To navigate motor redundancy—where multiple muscle activation solutions can achieve the same force output—our training sessions adhered to strict postural guidelines while monitoring real-time EMG signals. By imposing kinematic constraints to narrow the solution space and providing verbal feedback based on real-time EMG monitoring, we were able to reliably induce the desired synergy activation profiles while maintaining consistent synergy vectors as intended.
The improvements in synergy activation scores from the intervention underscored the efficacy of the training to induce desired muscle synergy activation profiles through the muscle-to-action mapping. Additionally, the muscle synergy analysis revealed that the overall structure of synergy vectors remained largely unchanged post-training. The preservation of synergy structure aligns with the concept of hard-wired muscle synergy [5], that the synergy structure is relatively fixed within the spinal circuit [33]. Nevertheless, there remains the possibility that muscle composition of a synergy can be tuned to some extent through training as other neuroanatomical mechanisms, such as overlapping cortical representation of muscles, are also involved in synergy formation. This was evident in the studies that used myoelectric feedback to modify muscle synergy vector weights [23, 25, 26]. Our method offers a complimentary approach that can modify the activation profiles of stroke-affected synergies. Synergy activation profiles, which stem from motor planning in the brain, are considered relatively flexible and modifiable through training as we demonstrated, reflecting the neuroplasticity observed in motor learning [6, 34–37].
Furthermore, the targeted changes in synergy activation profiles were linked with functional improvements. The force control scores showed a strong correlation with the synergy activation scores, suggesting that the reduction in abnormal force coupling was associated with altered synergy activation profiles. This outcome was expected, as the control-specific synergies trained for each direction counteracted the stroke-specific co-activation patterns that induced abnormal force coupling. However, the correlation between the changes in synergy activation scores and specific clinical sub-scores was not demonstrated, possibly due to the personalized nature of the training. A strong correlation was observed only in a specific WMFT-FAS task involving forward-reaching movement, which directly mirrored the training activities. It is unclear how each muscle synergy relates to the specific sub-motor tasks of these clinical evaluations.
The concept of muscle-to-action mapping has broader potential for various designs in intermuscular coordination training. In terms of clinical outcomes, the FMA-UE and WMFT-FAS scores improved by 3.36 and 6.45 points respectively. These results are consistent with various interventions on chronic stroke survivors, such as robot-assisted therapy, vagus nerve stimulation, and bilateral motor priming [38–41]. Although comparable in terms of clinical improvements, our approach targets different aspects of motor control, specifically the underlying neural basis of intermuscular coordination, not addressed by previous interventions. This distinction suggests additional potential for recovery by integrating various rehabilitation strategies [41]. Our method’s ability to focus on specific neuromuscular adjustments offers a complementary avenue for enhancing motor recovery, making it a worthwhile addition to existing stroke rehabilitation protocols. Thus, chronic stroke survivors who have improved functionality through various rehabilitation interventions but still exhibit poor intermuscular coordination and highly coupled upper limb movement may benefit from the muscle synergy activation profile targeted training. While this study focused on chronic stroke survivors to first evaluate the feasibility of the approach, future work will explore its application in acute and sub-acute patients, where greater neuroplasticity may further enhance recovery. For stroke survivors struggling to generate sufficient endpoint force, the targeted muscle coordination pattern could be mapped onto movements in free space rather than endpoint force. Similar to mapping onto endpoint force, biomechanical simulation or data-driven estimation could be used to create target movements for training. Furthermore, to adjust the synergy vector weighting coefficient of a particular muscle within a synergy, the target action could be adjusted by shifting the associated action of the targeted synergy toward or against the action of the targeted muscle, providing a nuanced approach to rehabilitating motor function.
The study demonstrated the feasibility of using muscle-to-action mapping to train muscle synergy activation profiles, but it involved several limitations. While the overall treatment dosage was consistent, the training dosage for each movement direction was individualized to accommodate the differing impairments of each participant. Although this personalized approach helped address the specific weakness of each participant, the variability in dosages limited our ability to derive generalized insights into the efficacy of training specific synergies and movement directions. Future research should focus on these details to enhance understanding of the functions of each targeted synergy and the influence of initial impairment levels on intervention outcomes. The cohort also included participants with varying stroke severities, which may have influenced individual responsiveness to training. While this variability allowed us to assess feasibility across different severity levels, future studies should consider stratifying participants by severity to improve generalizability. Moreover, one participant was unable to follow the synergy activation profile training for a specific direction, indicating that certain synergy activations profiles may not be achievable despite repeated training attempts. Integrating supplementary coaching aspects like electrical stimulation or virtual reality could potentially aid participants in learning to activate these challenging synergies, offering a promising direction for enhancing the effectiveness of the training regimen.

Conclusion
In conclusion, this study demonstrated the feasibility of the muscle-to-action mapping method for training muscle synergy activation profiles in stroke survivors. By employing a biomechanical model to generate specific endpoint forces, the method not only effectively modified synergy activation profiles but also improved force control during reaching tasks, thereby translating neuromuscular adjustments into tangible clinical improvements. These results suggest that muscle-to-action mapping could be a valuable addition to stroke rehabilitation, offering an intuitive approach to train intermuscular coordination and enhance motor recovery.
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