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Introduction: A self-paced (SP) heart rate (HR) control system proposed in a previous study was found to be feasible for healthy participants. The aims of this work were to investigate whether the SP HR control system is feasible to achieve accurate HR control in a participant with gait impairments, and to assess its interaction with an existing motor-driven body weight support (BWS) system.Methods: One participant with cerebral palsy was recruited in this case study. Three preliminary tests were completed to determine the appropriate mean value and amplitude of the target heart rate curve, and to identify a customised heart rate response model. Two series of formal self-paced heart rate control tests were then conducted to investigate the influence of different heart rate compensators and the presence of the BWS system.Results: The customised heart rate controller achieved improved accuracy in heart rate control and reduced oscillation in the treadmill target speed: the root-mean-square heart rate tracking error (RMSE) was 2.38 beats per minute (bpm) vs. 3.91 bpm (customised controller vs. nominal controller), and the average power of changes in the treadmill target speed was 0.4 × 10−4 m2/s2 vs. 8.4 × 10−4 m2/s2. The BWS system resulted in improved HR tracking accuracy: RMSE on heart rate tracking was 3.02 bpm vs. 3.50 bpm (with BWS vs. without BWS). The BWS system had no influence on the automatic position control accuracy: RMSE on distance tracking was 0.0159 m vs. 0.0164 m.Conclusion: After customising the heart rate compensator, the self-paced heart rate control system is feasible to achieve accurate heart rate control in an individual with gait impairments, and it can correctly interact with the BWS system.Keywords: heart rate control, treadmill, real-time feedback, self-paced, gait impairment, heart rate dynamics
1 INTRODUCTION
Interval-intensity training shows benefits in the rehabilitation of patients with various neurological impairments (Luo et al., 2020; Mah et al., 2022; Plawecki et al., 2024). As heart rate (HR) is commonly used to set exercise intensity (Liguori et al., 2022), this has inspired research into HR control systems. In conventional HR control systems using treadmills (TM) (Verrelli et al., 2021; Wang et al., 2021; Abbasi et al., 2022; Wang and Hunt, 2023a), the TM speed is solely determined by the controller. However, this constraint increases safety risks for neurologically impaired patients and may cause unwanted interruptions during testing.
To handle this drawback, our previous study (Wang and Hunt, 2023b) designed a self-paced (SP) HR control system consisting of a distance control loop and a HR control loop. The distance controller adjusts the speed of the TM to maintain the participant’s relative position on the TM. Simultaneously, the HR controller calculates the reference TM speed to ensure that the measured HR of the participant follows a target curve. Tests involving four healthy participants validated the feasibility, safety, and comparable performance of this novel SP system in achieving HR control when compared to a conventional, machine-determined HR control system. These findings are consistent with other studies in healthy participants, which demonstrate that exercise on the SP TM exhibits similar kinetic and kinematic characteristics (Sloot et al., 2014; Plotnik et al., 2015; Wiens et al., 2019), muscle activity (Ibala et al., 2019), and energy cost (Theunissen et al., 2022) compared to a fixed-speed TM.
Applying the SP HR control system to neurologically impaired individuals requires further investigation in two aspects. Firstly, the HR response model used for the HR compensator design in previous HR control studies (Wang and Hunt, 2021a; Wang and Hunt, 2023a; Wang and Hunt, 2023b) was identified from healthy participants engaged in moderate to vigorous activities, such as running (Wang and Hunt, 2021b). Whereas, for neurologically impaired individuals, exercises are typically performed at lower intensity, often at a “comfortable speed,” such as walking. These differences in exercise modalities and intensities can cause substantial modelling errors, even among healthy participants (Cheng et al., 2008). Furthermore, individuals with gait impairments may face additional cardiovascular and muscular demands to maintain balance and to compensate for the less efficient gait patterns during exercise. Consequently, the HR response model for those with gait impairments may contain considerable differences compared to the model used in previous studies involving healthy participants, potentially affecting the HR control performance. Given that precise HR control is the primary objective of the feedback system, the first aim of this study was to investigate the feasibility of the SP HR control system in achieving accurate HR control in individuals with gait impairments.
Secondly, for people with gait impairments, the body weight support (BWS) system plays an essential role in evaluating and enhancing their walking abilities (Visintin et al., 1998; Combs et al., 2012; Morawietz and Moffat, 2013; Meyns et al., 2014). Studies have shown that applying 20%–40% BWS and low-speed range exercise (Meyns et al., 2014; Kraft et al., 2023) can provide greater rehabilitation benefits. Recent studies have proposed various designs for BWS systems, including those driven by motors or springs and connected to participants through an overhead harness (Visintin et al., 1998; Sousa et al., 2009; MacLean and Ferris, 2020), those implemented through antigravity treadmills (Liebenberg et al., 2011; Vincent et al., 2022), or realized through a wearable exoskeleton (Ikeuchi et al., 2009). However, it is worth noting that the use of BWS systems can impact participants’ movement. For instance, the harness may limit the hip movement, especially under high support conditions. Additionally, an overhead BWS system could affect lateral and horizontal movements on the TM (Dragunas and Gordon, 2016), or even worsen the walking performance (Sousa et al., 2009). Thus, the second aim of this study was to examine the interaction between the SP HR control system and a self-developed motor-driven BWS system.
In summary, the present study aimed to: investigate whether a previously designed SP HR control system (Wang and Hunt, 2023b) is feasible to achieve accurate HR control in a participant with gait impairments, and to assess its interaction with an existing motor-driven BWS system.
2 METHODS
2.1 Controller design
The SP HR control system employed in this study aligns with previous work (Wang and Hunt, 2023b). As illustrated in Figure 1, this HR control system comprises two feedback control loops. In the heart rate feedback loop, the HR compensator, Ch(s), calculates the reference runner speed, denoted [image: image], which depends on the heart rate tracking error, eh. This error represents the difference between the target heart rate, HR*, and the measured heart rate, HR. Ph(s) models the heart rate dynamics and dh represents a disturbance term known as the heart rate variability (HRV). Meanwhile, in the distance feedback loop, the distance compensator, Cd(s), computes the set treadmill speed, depicted [image: image], by considering the distance tracking error, denoted ed, between the target distance, x*, and the measured distance, x, which is the horizontal distance from a reference point at the front of the treadmill to the buckle attached to the waist of the participant. The set treadmill speed is then directly sent to the nominal plant, [image: image], which comprises the integrating dynamic, Pd(s), and the treadmill motor dynamics, Pm(s). In this study, we neglect the treadmill motor dynamics, and the integrating dynamic is modelled as an integrating part, viz. [image: image].
[image: Figure 1]FIGURE 1 | Structure of the self-paced heart rate control system.
The actual running/walking speed of the participant relative to the treadmill track, denoted vr, is determined by the participants themselves. The distance feedback loop ensures zero steady-state error, viz. [image: image]. Both [image: image] and [image: image] are displayed in real-time on the control unit installed at the front of the treadmill. Therefore, to achieve closed-loop HR control, the participant is required to follow the reference treadmill speed, viz. to guarantee [image: image], to the best of their ability during all the tests in this study.
Concordant with previous work (Wang and Hunt, 2023b), the derivation of Ch(s) and Cd(s) in this study also applies an input-sensitivity-shaping method. The input sensitivity function, Eq. (1), represents the transfer function from the reference signal and disturbance to the controlled variable:
[image: image]
where C(s) is a generic form of Ch(s) and Cd(s), meanwhile Po(s) stands for Ph(s) and Pd(s).
2.1.1 Heart rate controller design
The HR response model, Ph(s), is described by a first-order transfer function consisting of the gain, k, and the time constant, τ, as follows
[image: image]
The HR compensator, Ch(s), is designed to constrain its input sensitivity function, denoted [image: image], to be a first-order low-pass filter, which is formed by the parameters of Ph(s) and a specified bandwidth parameter p, as follows, Eq. (3),
[image: image]
As detailed in the previous study (Hunt and Fankhauser, 2016), the resulting Ch(s) can be expressed as
[image: image]
The parameters of the nominal HR response model, denoted Phn(s), were averaged from 11 healthy participants, as detailed in the previous study (Wang and Hunt, 2021b). Specifically, k = 28.57 bpm/(m/s) and τ = 70.56 s. Substituting these values into Eq. 2, the transfer function of Phn(s) is
[image: image]
By employing a bandwidth of 0.01 Hz for the input sensitivity function, i.e., p = 0.0628 rad/s, and substituting parameters of the nominal HR response model into Eq. 4, the corresponding nominal HR compensator is then, Eq. (6),
[image: image]
2.1.2 Distance controller design
The nominal plant of the distance feedback loop is an integrating part, viz. [image: image]. As detailed in (Wang and Hunt, 2023b), given a transfer function of Cd(s), Eq. (7), as follows,
[image: image]
where g1, g0 and h0 are coefficients to be determined, the response of corresponding input sensitivity function can be optimized to resemble the response of a target bandpass filter. Applying the least-squares method, the optimized coefficients can be solved as: g1 = 11.84, g0 = 3.14 and h0 = 11.70. The transfer function of Cd(s), Eq. (8), is then
[image: image]
2.2 Experimental design
All tests were carried out with a participant with cerebral palsy (CP). The participant is female, 33 years old, weighs 49 kg and has a height of 164 cm. The participant can walk independently with the assistance of handrails on the treadmill (Figure 2A).
[image: Figure 2]FIGURE 2 | Device setup of this study. (A) The participant walks on the treadmill guided by speeds shown on the screen of the control unit. Inset: the screen showing the control unit. (B) The BWS system applied in this study, showing the harness worn by the participant when BWS was employed.
To ensure the establishment of an appropriate target intensity curve, provide fundamental information for our participant, and address safety concerns, we conducted three preliminary tests before the formal evaluation: the intensity evaluation test, the plant model identification test, and the amplitude evaluation test. The participant was familiarised with the treadmill walking routine prior to the preliminary tests.
2.2.1 Intensity evaluation test
The first preliminary test aimed to assess the appropriate target HR value for all subsequent tests. To achieve this, the intensity evaluation test was implemented by the SP HR control system with nominal HR compensator Chn. The target HR was initially set to 130 bpm, then manually adjusted during the test until our participant could maintain the corresponding intensity relatively easily.
2.2.2 Plant model identification test
As introduced previously in Section 1, differences in exercise modality and energy consumption between neurologically impaired participants and healthy participants may cause substantial differences in HR response models. To investigate and mitigate the impact of these modelling errors, we conducted a model identification test to estimate the customised HR response model for our participant, depicted Phc. Subsequently, the corresponding transfer function of the customised HR controller, denoted Chc, could be derived.
The model identification test consisted of three phases: a 1-minute warm up, a 1-minute rest and a 15-minute formal measurement phase (Figure 3). Based on the results of the intensity evaluation test, the treadmill speed curve applied a square-wave signal with a 6-minute period and a 0.05 m/s amplitude. The data recording rate was set at 0.2 Hz, and measurements from 160 s to 900 s were selected as the estimation dataset for calculating the model parameters. The estimation dataset was then detrended and modelled using a least-squares optimization tool (“procest” function from the Matlab System Identification Toolbox; The Mathworks, Inc., USA) using the first-order structure defined in Eq. 2. Further details about this model identification method can be found in (Wang and Hunt, 2021b).
[image: Figure 3]FIGURE 3 | Test phases and treadmill speed for identification test. The evaluation period is marked by the double arrow.
2.2.3 Amplitude evaluation test
To design an appropriate square wave signal as the target HR curve for the formal tests, the mean value and the amplitude needed to be specified. Since the mean value could be determined by the intensity evaluation test, an amplitude evaluation test was carried out to determine the optimal amplitude. This test was performed using the SP HR control system with the customised HR controller, Chc, as achieved in the previous model identification test. The target HR curve applied a square wave signal with a mean HR of 120 bpm and an initial amplitude of 10 bpm, which could be manually adjusted during the test.
2.2.4 Formal tests
The formal tests can be divided into two test series:
1. The first series focused on investigating the influence of modelling errors on control performance. It involved an HR reference with a constant value (Figure 4A) and consisted of two tests. The first test applied the nominal HR controller, Chn, while the second test utilized the customised HR controller, Chc.
2. The second series aimed to test the control accuracy of the SP HR control system and evaluate its interaction with a self-developed, motor-driven BWS system. In this series, both tests employed the customised HR controller, Chc, and a square wave target HR with a 6-min period and 5 bpm amplitude (Figure 4B). The first test incorporated 13.01 kg BWS (26.6% of total body mass), while in the second test, the BWS system was removed.
[image: Figure 4]FIGURE 4 | Reference heart rate profiles (HR*) for two formal test series. (A) Test protocol for the first test series. (B) Test protocol for the second test series.
The mean value, depicted HRm, and the amplitude of the target HR signal (Figure 4), were determined by comprehensively considering the results of the two preliminary evaluation tests and feedback from the participant. The reduction of HR* in the first 30 s for both series was to soften the speed impact on our participant.
It should be noted that the two series applied different durations and evaluation periods. For the first series, measurements from 180 s to 900 s (3 min–15 min) were used for outcome evaluation. Meanwhile, for the second series, the evaluation period was extended to 180 s–1,080 s (3 min–18 min).
2.2.5 Equipment
All tests were carried out using a treadmill (model Venus, h/p/cosmos Sports & Medical GmbH, Germany). The control algorithms were implemented in an embedded control unit mounted at the front of the treadmill. Powered by a Raspberry Pi 4 (Raspberry Pi Foundation, England), the control unit has access to a heart rate sensor (H10, Polar Electro Oy, Finland) wirelessly via Bluetooth, and features a built-in wire-draw encoder (Ecoline BCG08-L1KM03PP, Sick AG, Germany) for accurate distance measurement. The analogue output of the encoder was sampled at 10 Hz, identical with the control frequency of the distance compensator Cd. The sample rate of HR measurement was 1 Hz and the control interval of the HR compensator Ch was 5 s. As a result, the HR measurements were averaged for every 5 adjacent readings before being forwarded to the HR compensator. The BWS system applied in this study (Figure 2B) was a self-designed motor-driven system that incorporated an embedded force feedback control system implemented using an industrial PC (C6015-0010, Beckhoff, Germany). During tests in which BWS was used, the participant wore a body harness as depicted in Figure 2B.
2.2.6 Outcome measures
Upon completion of the model identification test, two outcome measures were used to evaluate the goodness-of-fit of the resulting model: the normalised root-mean-square error (denoted fit, Eq. 9), and the root-mean-square error (RMSE) between the measured HR and the simulated HR response (denoted RMSEI, Eq. 10). These measures are given by:
[image: image]
[image: image]
Here, HRsim represents the simulated HR response obtained using the estimated model and the input signal. HR denotes the measured heart rate from the estimation dataset, with mean value denoted [image: image]. i depict the discrete time index and N is the number of discrete samples during the evaluation period (as described above, N = 149). Both of these outcome measures were calculated using the “compare” function from the Matlab System Identification Toolbox.
To investigate the tracking accuracy of the HR compensators and quantitatively evaluate the dynamic of their output, two outcome measures were defined: the RMSE between the HR measurement and the nominal HR response (denoted RMSEh, Eq. 11), and the average power of changes in the target treadmill speed (denoted [image: image], Eq. 12). These outcomes have the following forms:
[image: image]
[image: image]
where HRnom represents the nominal overall closed-loop HR response, HR is the measured heart rate during the evaluation period and [image: image] denotes the target treadmill speed. Since the sample interval is 5 s for both outcomes, N = 145 for the first series and N = 181 for the second series. Additionally, the mean reference speed [image: image] during the evaluation period was also provided to evaluate the mean level of the target treadmill speed.
We quantified the participant’s horizontal movement, viz. the distance, by the RMSE between the measured distance and the reference distance, given by Eq. (13) as
[image: image]
where x* is the reference distance and x represents the measured distance during the evaluation period. As the sample rate of the distance is 10 Hz, N = 7180 for the first series and N = 8971 for the second series.
3 RESULTS
3.1 Intensity evaluation test
As illustrated in Figure 5, the reference HR was automatically set to the initial value of 130 bpm after 35 s, and the reference treadmill speed reached the upper limit of 0.6 m/s. At 165 s, the target HR was manually reduced to 125 bpm, and the reference speed also dropped below the upper limit, but it still remained too high for our participant to follow. After 460 s, the target HR was further reduced to 120 bpm, resulting in a suitable speed for our participant to follow. In this test with the nominal HR controller, Ch, we used the measurements after 560 s for outcome evaluation, and achieved the following results: RMSEh was 3.73 bpm, [image: image] was 8.3 × 10−4 m2/s2 and [image: image] was 0.23 m/s.
[image: Figure 5]FIGURE 5 | Results of intensity evaluation test. The upper plot shows the target heart rate (HR*, black dashed line), the measured heart rate (HR, red line) and the nominal heart rate response (HRnom, black line). The middle plot depicts the reference speed for the participant ([image: image], black line) and the set treadmill speed ([image: image], red line). The lower plot shows the distance measurement, encompassing the measured distance (x, red line) and the target distance (x*, black line). The reduction of the target HR in the first 30 s is to reduce the speed impact for our participant. The evaluation period is marked by the thick red horizontal lines.
3.2 Plant model identification test
The original measurements and the model validation results of the model identification test are illustrated in Figure 6. The resulting model achieved a fit of 31.05% and an RMSEI of 3.25 bpm. Compared to the nominal HR response model from healthy participants (Eq. 5), the k was 79.74 bpm/(m/s) vs. 28.57 bpm/(m/s) (179.1% higher, customised vs. nominal), and τ was 35.10 s vs. 70.56 s (50.3% lower).
[image: Figure 6]FIGURE 6 | Original measurements and model validation result of model identification test. (A) Original measurements: upper plot is the HR measurement; lower plot is the speed of the treadmill. The evaluation period is depicted by the red horizontal bars. (B) Model validation result: upper plot is the HR measurement after detrending (HR, solid black line) and the simulated HR response of the estimated model (HRsim, blue dashed line); the lower plot is the treadmill speed after mean removal.
Substituting customised model parameters into the HR response model defined in Eq. 2 and the HR controller defined in Eq. 4, and using p = 0.0628, the transfer functions of Phc and Chc in Eqns. (14) and (15) were then
[image: image]
[image: image]
3.3 Amplitude evaluation test
As illustrated in Figure 7, the initial target HR was a square wave signal with a middle value of 120 bpm and an amplitude of 10 bpm. The period of the square wave signal was 6 min, viz. the target HR signal had four 10 bpm changes occurring at 360 s, 540 s, 720 s and 900 s.
[image: Figure 7]FIGURE 7 | Results of amplitude evaluation test. The definition of labels and legends are the same as in Figure 5.
As observed in the speed measurements shown in the middle plot of Figure 7, these four changes led to noticeable speed differences between the reference and set speeds. These differences were attributed to the limited adaptability of our participant to follow speed changes. Consequently, the amplitude of the target HR was manually reduced to 5 bpm at 405 s, 570 s, 715 s and 920 s, resulting in reduced speed differences. Therefore, it can be concluded that a target square wave signal with a 5 bpm amplitude is more suitable for our participant.
3.4 Formal tests
Based on the results of the intensity evaluation test and feedback from the participant, the mean value of the reference HR, denoted HRm, was set to 130 bpm for the first series. For the second series, to prevent a high level of the reference HR exceeding the participant’s tolerance, the mean value was reduced to 120 bpm. The original measurements and test results of the first test series are illustrated in Figure 8. The test conducted with the customised HR controller showed improved HR control accuracy: RMSEh was 2.38 bpm vs. 3.91 bpm (39.1% lower, customised vs. nominal). Additionally, the customised controller obviously reduced oscillations on the reference treadmill speed: [image: image] was 0.4 × 10−4 m2/s2 vs. 8.4 × 10−4 m2/s2 (95.2% lower). Meanwhile, the mean reference speeds of the two tests were similar: [image: image] was 0.24 m/s vs. 0.25 m/s (4.0% lower).
[image: Figure 8]FIGURE 8 | Test results in the first test series. (A) Test results with nominal HR controller Chn. (B) Test results with customised HR controller Chc. The definition of labels and legends are the same as in Figure 5.
In the second test series, as illustrated in Figure 9, the HR control test with the BWS system demonstrated slightly better HR control accuracy: RMSEh was 3.00 bpm vs. 3.51 bpm (14.5% lower, with BWS vs. without BWS). The test with the BWS system also achieved a higher mean reference treadmill speed with reduced oscillation: [image: image] was 0.22 m/s vs. 0.15 m/s (46.7% higher); [image: image] was 1.1 × 10−4 m2/s2 vs. 1.8 × 10−4 m2/s2 (38.9% lower). The BWS system had limited influence on the distance performance: RMSEx was 0.0159 m vs. 0.0164 m (3.0% lower).
[image: Figure 9]FIGURE 9 | Test results in the second test series. (A) Test results with BWS system. (B) Test results without BWS system. The definition of labels and legends are the same as in Figure 5.
4 DISCUSSION
The aims of present study were: to investigate whether a previously designed SP HR control system (Wang and Hunt, 2023b) is feasible to achieve accurate HR control in a participant with gait impairments, and to assess its interaction with an existing motor-driven BWS system.
Currently no measurements exist on the HR response of gait impaired participants. Therefore, our study had to start from a well-analysed HR response model from our previous study based on healthy participants, using the same model and controller structure but with the assumption that the parameters may be different. Ultimately, it is the vastly improved and highly accurate result achieved by only adapting the model and controller parameters that shows—empirically—that it is sufficient to only change the parameters, and not the structure, in this case.
The original HR and speed measurements taken during the intensity evaluation test (Figure 5), especially those taken before 460 s, highlighted a unique advantage of the SP HR control system: when the set target intensity, i.e., the target HR, exceeded the participant’s tolerance level, the participant could continue the test at their desired intensity, without interrupting the test. This feature greatly enhanced the efficiency and safety of the test procedure. It should be noted that, although the nominal HR controller in this evaluation test achieved impressive HR control accuracy when the intensity was appropriate and the response was at steady state (RMSEh was 3.73 bpm after 560 s), the test result still revealed periodic oscillations in the reference treadmill speed ([image: image] was 8.3 × 10−4 m2/s2).
Therefore, subsequently, a model identification test was conducted to investigate differences in the HR response model between healthy and impaired participants, caused by different exercise modalities and physiological demands. The resulting model parameters from the gait-impaired participant showed a much higher (179.1% higher) gain and smaller (50.3% lower) time constant compared to the model from healthy participants. These findings aligned with our hypothesis that neurologically impaired individuals require additional and more dynamic cardiovascular and muscular activity than healthy participants.
The influence of modelling error on control accuracy was further demonstrated by comparing the results from the first series (Figure 8): applying the customised HR controller resulted in a substantial reduction in RMS HR tracking error (39.1% lower RMSEh), together with an obvious reduction in periodic oscillations in reference treadmill speed (95.2% lower [image: image]), when compared to the nominal HR controller. Notably, this improvement was achieved at a similar mean reference speed condition.
In the second test series (Figure 9), both tests achieved impressive HR control accuracy (RMSEh were 3.00 and 3.51 bpm), with the test using the BWS system demonstrating a better (14.5% lower RMSEh) RMS HR tracking error, when subjected to a square wave target HR signal. These HR tracking results are consistent with our previous SP HR control study (Wang and Hunt, 2023b) in healthy participants (RMSEh from 2.04 to 4.29 bpm) and other conventional, machine-determined, HR control studies involving healthy individuals (Kawada et al., 1999; Hunt and Fankhauser, 2016; Wang and Hunt, 2021a).
The test conducted with the BWS system also revealed an increased mean reference speed. These may be due to a reduction in the participant’s cardiovascular and muscular effort required to support the body weight and to generate supporting forces on the handrails, thus necessitating a higher treadmill speed to reach the target HR.
In the second test series, the RMSEx results were similar in both tests (3.0% difference). These results uncovered another advantage of the SP HR control system: the existence of the distance feedback loop resulted in a stable position for the participant on the treadmill. As a result, the influence of the BWS system on the horizontal movement of the participant can be effectively suppressed.
5 CONCLUSION
In conclusion, we found that, after customising the HR controller, the SP HR control strategy from the previous study (Wang and Hunt, 2023b) was feasible to achieve accurate HR control in a participant with gait impairments, and it can correctly interact with a motor-driven BWS system.
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