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Can inertial measurement unit sensors evaluate foot kinematics in drop foot patients using functional electrical stimulation?
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The accuracy of inertial measurement units (IMUs) in measuring foot motion in the sagittal plane has been previously compared to motion capture systems for healthy and impaired participants. Studies analyzing the accuracy of IMUs in measuring foot motion in the frontal plane are lacking. Drop foot patients use functional electrical stimulation (FES) to improve walking and reduce the risk of tripping and falling by improving foot dorsiflexion and inversion-eversion. Therefore, this study aims to evaluate if IMUs can estimate foot angles in the frontal and sagittal planes to help understand the effects of FES on drop foot patients in clinical settings. Two Gait Up sensors were used to estimate foot dorsi-plantar flexion and inversion-eversion angles in 13 unimpaired participants and 9 participants affected by drop foot while walking 6 m in a straight line. Unimpaired participants were asked to walk normally at three self-selected speeds and to simulate drop foot. Impaired participants walked with and without FES assistance. Foot angles estimated by the IMUs were compared with those measured from a motion capture system using curve RMSE and Bland Altman limits of agreement. Between participant groups, overall errors of 7.95° ± 3.98°, −1.12° ± 4.20°, and 1.38° ± 5.05° were obtained for the dorsi-plantar flexion range of motion, dorsi-plantar flexion at heel strike, and inversion-eversion at heel strike, respectively. The between-system comparison of their ability to detect dorsi-plantar flexion and inversion-eversion differences associated with FES use on drop foot patients provided limits of agreement too large for IMUs to be able to accurately detect the changes in foot kinematics following FES intervention. To the best of the authors' knowledge, this is the first study to evaluate IMU accuracy in the estimation of foot inversion-eversion and analyze the potential of using IMUs in clinical settings to assess gait for drop foot patients and evaluate the effects of FES. From the results, it can be concluded that IMUs do not currently represent an alternative to motion capture to evaluate foot kinematics in drop foot patients using FES.
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1. Introduction

Drop foot is a syndrome affecting patients suffering from neurological conditions such as stroke, multiple sclerosis, Parkinson's disease, and spinal cord trauma. It is characterized by a decreased range of motion of the ankle in the three planes of motion. In particular, subjects present a limited ability to dorsiflex the ankle by voluntary muscle activation and a tendency to invert the foot during the swing phase of gait (Stevens et al., 2015). This results in reduced foot clearance, increased cadence, and ankle instability at initial contact due to poor placement of the foot on the ground (Knutsson and Richards, 1979; Brandstater et al., 1983). To reduce toe catching during swing and the consequent risk of tripping and falling, people with drop foot adopt compensatory strategies such as hip hitching, leg circumduction, and foot lifting. These movements increase clearance but also energy expenditure (Malešević et al., 2017).

Functional electrical stimulation (FES) is used as a treatment to improve walking in people with drop foot, enabling them to walk at least 5 m with or without the aid of a walking stick (Burridge et al., 1997). Common FES systems consist of a single-channel stimulator with skin surface electrodes attached over the peroneal nerve and the tibialis anterior motor point. Stimulation is triggered by a pressure-sensitive heel switch placed inside the shoe under the heel and induces a nerve impulse through the two electrodes that propagates along the muscles, producing a response similar to a normal contraction during the swing phase of walking. These contractions correct drop foot by increasing foot clearance during the swing phase of walking and ensuring that the foot contacts the ground at the end of the swing phase with the heel first and in a slightly everted position, contributing to greater ankle stability and optimal weight bearing through the center or slightly medially to the center line of the foot during the stance phase (Taylor and Street, 2015). Each individual's response to FES is different, varies with time due to muscular fatigue and time-variant spasticity, and is very sensitive to electrode positioning and channel intensities, which are crucial to achieving a well-balanced dorsiflexion without excessive inversion or eversion (Veltink et al., 2003; Seel et al., 2016; Schauer, 2017). Therefore, the evaluation of foot motion is fundamental to understanding the effect of FES and any rehabilitative benefits.

Motion capture systems are the gold standard for biomechanical assessments and are widely used to analyze foot kinematics during different movement tasks, such as walking (Sun et al., 2018), running (Li et al., 2022), and jump landings (Azevedo et al., 2020). However, motion capture systems are expensive, complex, time-consuming to set up, and sensitive to light; hence, measurements are usually restricted to specialist laboratories with trained personnel and may not be appropriate for busy clinical settings delivering FES interventions for drop foot. Inertial measurement units (IMUs) represent an alternative to motion capture systems to analyze gait in a clinical setting, primarily due to their lower costs, small size, insensitivity to the environment, and ease of use and set-up.

IMUs have been previously used and validated against gold-standard measurement systems to evaluate spatiotemporal parameters, foot clearance, and foot motion. Spatiotemporal parameters have been validated for healthy participants of different ages (Mariani et al., 2010; Brégou Bourgeois et al., 2014; Zhou et al., 2020), participants with neurological or orthopedic diseases (Mariani et al., 2013; Brégou Bourgeois et al., 2014; Sijobert et al., 2018; Lefeber et al., 2019; Laidig et al., 2021), and healthy participants with asymmetry induced by the alteration of the thickness of a shoe sole (Schwameder et al., 2015). The estimation of foot clearance has been validated and used to compare children with and without cerebral palsy (CP) (Brégou Bourgeois et al., 2014) and healthy adults of various age groups (Mariani et al., 2010; Kanzler et al., 2015). The accuracy of the estimation of dorsi-plantar flexion using IMUs has been analyzed for healthy participants of different age groups (Kanzler et al., 2015; Schwameder et al., 2015), participants with neurological conditions (Brégou Bourgeois et al., 2014; Sijobert et al., 2018), and amputees (Seel et al., 2015). Two studies (Seel et al., 2014; Falbriard et al., 2020) evaluated foot inversion-eversion, but neither of the studies evaluated the accuracy of the measurements in comparison to a gold standard system. An accurate estimation of foot motion in the sagittal and frontal plane is necessary to understand drop foot patients' responses to treatment and rehabilitation with FES.

Older adults and patients affected by neurological or orthopedic conditions, compared to younger and healthy populations, walk at a slower speed, which is characterized by a higher cadence and a longer swing phase during the gait cycle. These characteristics result in higher gyroscope drift; therefore, the IMU's accuracy in foot kinematics measurement might be specific to the walking abilities and characteristics of the participants analyzed. For this reason, for IMUs to be used as a clinical tool to assess gait for drop foot patients and evaluate the effects of FES, their accuracy needs to be investigated for this specific population.

The aim of this study is to evaluate the accuracy of IMU sensors to estimate foot angles in both the frontal and sagittal planes in order to establish their potential to analyze gait in healthy and impaired participants, specifically to help evaluate the effects of FES on drop foot patients in clinical settings. Based on the results from previous studies, we hypothesized that the accuracy of IMUs would allow the detection of foot kinematics and the improvements associated with the use of FES.



2. Methods


2.1. Participants

Thirteen unimpaired participants (seven women and nine men, age: 43.6 ± 10.8 years) and nine affected by drop foot (five women and four men, age: 58.4 ± 11.7 years) volunteered to take part in the study after ethical approval from Sheffield Hallam University Ethics Committee. The number of participants represents a convenient sample of patients and staff attending The National Clinical FES Centre at Salisbury District Hospital on the dates of data collection, with drop foot participants selected among patients suitable for the use of FES and under clinical evaluation at the Centre.



2.2. Experimental set-up

Two Gait Up wireless sensors (Physilog 6, Gait Up SA, Lausanne, Switzerland) were used. The sensors were configured to set the accelerometer and gyroscope ranges at 16 g and 2,000°s−1, respectively, and to record at a sample frequency of 256 Hz. The sensors were attached to the participants' shoes over the laces through a clip provided with the sensors, aligning them with the virtual heel-to-toe line of the foot (Figure 1A). Gait Up IMUs have previously been validated to provide spatio-temporal parameters, foot clearance, and foot dorsi-plantar flexion angles on participants either healthy or affected by neurological conditions (Mariani et al., 2013; Brégou Bourgeois et al., 2014; Schwameder et al., 2015; Lefeber et al., 2019; Falbriard et al., 2020; Zhou et al., 2020); however, the sensors do not provide foot inversion-eversion angle.
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FIGURE 1
 Sensor's alignment with the virtual heel-to-toe line of the foot (A), and marker and Gait Up sensor locations on the right foot (B).


An eight-camera portable optoelectronic motion capture system (Qualisys Miqus M3, Qualisys AB, Gothenburg, Sweden) sampling at 200 Hz was used to track the trajectories of sixteen markers, eight attached to each shoe of each participant (Figure 1B). Three markers on each shoe were aligned with the Gait Up sensor, and the remaining five markers were attached to anatomical landmarks (first and fifth metatarsal and heel) on the toe on the most forward point of the shoe and on the lateral side of the rear foot. The cameras were arranged to allow the tracking of markers over six meters of straight-line walking.

FES requires patients to wear footwear, as the switch that triggers stimulation is placed inside the shoe under the heel. Therefore, although the foot and shoe might move differently, the motion of interest in this study refers to the movement of the shoe, so sensors and markers were attached directly to the shoe.



2.3. Protocol

Unimpaired participants were asked to complete a total of six trials of straight-line walking, each with a different instruction. In the first three trials, participants were asked to walk at self-selected slow, normal, and fast speeds, where the normal walking speed was defined as each individual's own comfortable speed. Walking speeds were not controlled as they were grouped together in the analysis to provide a wider range of normal walking characteristics for healthy participants. For trials 4–6, participants were asked to walk simulating drop foot on the foot of their choice, first, without compensatory strategies and then with two different strategies that included exaggerating foot lift by increasing knee flexion and hip circumduction. The simulation of drop foot was used to analyze the agreement between the measurement systems for a wider range of walking characteristics compared to what would have been possible for the FES users alone. All healthy participants were experienced clinical professionals with a knowledge of drop foot.

Drop foot subjects were equipped with an FES system (ODFS Pace stimulator, Odstock Medical Ltd., Salisbury, UK) that had been set up by a specialist clinician and were asked to walk in a straight line with and without its assistance where possible. One of the participants was not able to walk without the use of FES and so performed one walk with stimulation from two channels and the second with stimulation from a single channel. Subjects walked with or without a walking aid according to how they felt more secure. All subjects were familiar with the use of FES.

A static trial (consisting of quiet standing with feet flat and in a natural stance facing in the direction of the walk) was recorded for each participant before the walking trials to zero the foot angles. A single trial was recorded for each condition during which 5–11 consecutive steps were captured. IMU sensors were switched off and on before each walking trial, with participants facing the direction of travel when the sensors were turned on.



2.4. Data processing
 
2.4.1. Gait up

Gait Up raw data were read and synchronized through the provided MATLAB toolkit (Physilog 5 Research Toolkit). Raw gyroscope data were filtered with a first-order zero-lag low pass Butterworth filter with a cut-off frequency of 30 Hz and used to detect heel strike (HS), foot flat (FF), heel-off (HO), and toe-off (TO) according to Sabatini et al. (2005). In detail, an angular velocity threshold of 30°s−1 was set to detect the foot flat phase (FF to HO), and the angular velocity peaks were used to identify the beginning (TO) and end (HS) of the swing phase.

Foot angles were calculated from the unfiltered raw accelerometer and gyroscope. Raw data were measured in the sensor's local system, which was aligned relative to the foot. It was defined with the x-axis pointing toward the foot toe, the z-axis upwards, and the y-axis from right to left according to the right-hand rule. During the foot flat phase, the foot was assumed to be still on the ground, and, therefore, the acceleration measured by the sensor was considered close to gravity. This assumption was used to update the sensor orientation at each gait cycle and correct sensor drift. Sensor orientation was corrected only in the sagittal and frontal plane since azimuth corrections depend on magnetometer measurements, which are affected by the presence of ferromagnetic materials in an indoor clinical setting. In addition, the evaluation of foot kinematics in the transverse plane is of less importance in clinical measurements for drop foot patients. The sensor orientation relative to the laboratory coordinate system was defined by the rotation matrix R0 (Benoussaad et al., 2015):
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where the angles θx and θy were calculated from the raw acceleration a = [ax ay az] measured by the sensor during foot flat as:

[image: image]

The sensor orientation during each gait cycle n was calculated using bidirectional strap-down integration through the following equation, starting from the rotation matrices R0 calculated at two successive foot flats:

[image: image]

where Rgl(t) is the rotation matrix describing the orientation of the sensor in the global reference system at time t, Δt is the time interval between two successive samples, midGCn is the sample representing the middle of the gait cycle n, equidistant to the two successive foot flat events FFn and FFn+1, and [w(t)X] is the skew-symmetric matrix representing the cross-product operator of the angular velocity ω(t) measured by the gyroscope at time t.
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Foot angles were calculated as Euler angles from the rotation matrix Rgl and the drift was corrected at each gait cycle n by balancing the forward and backward integration at the midGCn sample.
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Foot angles were calculated relative to the laboratory coordinate system (i.e., relative to the ground) rather than the lower limb as a more important clinical measurement to evaluate the risk of falls and injuries associated with drop foot and the effect of FES.



2.4.2. Motion capture

Marker trajectories were filtered with a first-order zero-lag low-pass Butterworth filter with a cut-off frequency of 30 Hz. Foot angles were calculated from the markers attached to anatomical landmarks instead of those aligned with the sensors to compare true foot movement instead of only the measurement systems. The angles were resampled to 256 Hz before being synchronized with those estimated from the Gait Up sensors using cross-correlation. The sequences of the entire foot angle obtained from the motion capture and the IMUs in the sagittal plane were cross-correlated using the xcorr function in MATLAB to measure the similarity between the two signals and determine the delay between them. Cross-correlation was used because the walking starting point was outside the motion capture volume. The alignment between the data from the two systems was visualized to confirm the synchronization.




2.5. Statistical analysis

The instantaneous synchronized data were compared using the root mean square error (RMSE) curve (mean of RMSE calculated at each time point). Bland Altman limits of agreement with 95% confidence intervals were used to compare the systems for maximum and minimum values, range of motion, and angle at HS as calculated at each gait cycle for both dorsi-plantar flexion and inversion-eversion. All data were compared overall and by dividing the trials into three groups: unimpaired participants walking at different speeds, unimpaired participants walking simulating drop foot with or without compensatory strategies, and drop foot patients walking with or without electrical stimulation. Bland Altman limits of agreement were also used to evaluate the accuracy of the IMUs in comparison to the gold standard system in determining foot angle changes in the sagittal and frontal planes following FES intervention. The dorsi-plantar flexion and inversion-eversion differences between drop foot patients walking with and without FES were calculated for each system and used for the comparison. All data were calculated and processed using MATLAB R2021b (Mathworks, Natick, MA, USA).




3. Results

In Table 1, the curve RMSE was reported to compare the instantaneous foot angles calculated in the sagittal and frontal planes of motion from the Gait Up sensors data with those obtained through the motion capture. The results were reported for four different comparisons obtained considering separately the trials for unimpaired participants walking at different speeds (n = 39), for unimpaired participants walking simulating drop foot (n = 39), and for FES patients (n = 18) and considering the trials from all the participants (n = 96). For each participant group, higher accuracy was obtained in the estimation of dorsi-plantar flexion angles compared to inversion-eversion. Among the groups, the estimation of dorsi-plantar flexion and inversion-eversion was higher for the FES patients group.


TABLE 1 RMSE curve.

[image: Table 1]

In Tables 2, 3, Bland–Altman limits of agreement are reported for dorsi-plantar flexion and inversion-eversion foot angles, respectively. The comparison was performed for maximum, minimum, and range of motion values calculated from each complete gait cycle (HS to HS) and for the angle at each detected heel strike. Data were evaluated overall (n = 612) and separately for unimpaired participants walking at different speeds (n = 196), unimpaired participants walking simulating drop foot (n = 261), and FES patients (n = 155).


TABLE 2 Bland–Altman limits of agreement (LOA) comparison for dorsi-plantar flexion foot angle.

[image: Table 2]


TABLE 3 Bland–Altman limits of agreement (LOA) comparison for inversion-eversion foot angle.

[image: Table 3]

The agreement between the motion capture system and IMUs in detecting changes in foot angles following FES intervention was evaluated with Bland–Altman limits of agreement. The results are reported in Table 4.


TABLE 4 Bland–Altman limits of agreement (LOA) to evaluate the accuracy of the IMUs in comparison to the gold standard system in determining foot angle changes in the sagittal and frontal planes following FES intervention.

[image: Table 4]



4. Discussion

The current study aimed to evaluate the potential of IMU sensors to be used as clinical tools to analyze gait in healthy and impaired subjects and to help understand the effect of FES on drop foot patients in clinical settings. Dorsi-plantar flexion and inversion-eversion angles were estimated from the raw data of two Gait Up wireless sensors, one on each foot, and compared with the measurements from a gold standard measurement system. The importance of an accurate estimation of foot angles in the sagittal and frontal planes for drop foot patients is justified by the need to understand patients' responses to treatment or rehabilitation. The aim of understanding these responses is related to reducing the risk of tripping, falling, and ankle injury due to the limited ability in foot dorsiflexion and the poor placement of the foot on the ground at initial contact. In addition, an accurate estimation of foot angles helps to evaluate the effect of FES and electrode placement needed to achieve a well-balanced dorsiflexion without excessive inversion or eversion.

The results in Table 1 show lower errors when predicting dorsi-plantar flexion angles in comparison to inversion-eversion for each subject group, with the difference being even greater when considering that the total range of motion is between 65° and 75° in the sagittal plane and ~35° in the frontal plane (Grimston et al., 1993). Inversion-eversion is a complex movement involving multiple bones and joints; therefore, the motion tracked by a single sensor placed on the midfoot represents a simplification with consequent higher errors in the prediction of instantaneous values. Among the subject groups considered, Table 1 shows lower errors for dorsi-plantar flexion and inversion-eversion in the FES patients' group. This might be explained by small inaccuracies found in the detection of gait events for unimpaired participants walking at higher speeds and simulating drop foot when using the algorithm proposed by Sabatini et al. (2005), which was based on angular velocity data from participants walking at a normal pace. These inaccuracies affect drift correction and might explain the smaller errors in the range of motion of dorsi-plantar flexion and inversion-eversion angles in FES patients compared to the other two groups (Tables 2, 3).

Drop foot patients have limited ability to dorsi-plantar flex the foot; therefore, the evaluation of the range of motion in the sagittal plane represents an important clinical measurement. Overall, errors of 7.95° ± 3.98° were obtained in this measurement, which was mainly related to an underestimation of the angle peaks. The errors obtained in this study are higher compared to previous studies from Kanzler et al. (2015) and Seel et al. (2015). Kanzler et al. estimated a dorsi-plantar flexion continuous angle with a mean difference of 2.49 ± 1.21° for healthy participants aged between 16 and 80 walking at three self-selected speeds. Seel et al. compared the angles in the sagittal plane for two healthy participants walking barefoot at slow and fast paces and two transfemoral amputees walking with a leg prosthesis at self-selected speed, and the authors reported the mean difference for each subject, wherein 3.79 ± 0.73° was the maximum error obtained. In these studies, for healthy subjects, the sensors were placed either on the lateral side of participants' shoes underneath the lateral malleolus or on the instep of the bare feet. The higher errors found in our study might be related to the sensor mounting site, which was over the laces rather than on the lateral aspect of the shoe. This might have caused more sensor movement relative to the foot or shoe. This attachment location was chosen based on the most recent recommendation from Gait Up. However, future studies should compare the two different locations when evaluating foot kinematics in the sagittal and frontal planes.

The measurement of foot angles at HS is useful for understanding initial foot placement on the ground, and it can inform clinicians about the effect of rehabilitation or treatment procedures. IMU's accuracy in the evaluation of foot angles at HS was assessed, and the errors in comparison to the gold standard system are reported in Tables 2, 3. Overall, errors of −1.12° ± 4.20° and 1.38° ± 5.05° were obtained for dorsi-plantar flexion and inversion-eversion, respectively. Previous research evaluated the dorsi-plantar flexion angle at foot strike for healthy children and those with cerebral palsy (Brégou Bourgeois et al., 2014), reporting errors of 0.5° ± 2.9°; for healthy adults walking normally or with an induced limping condition at self-selected slow, neutral, and fast speeds (Schwameder et al., 2015), reporting errors ranging between 2.0° ± 1.2° and 8.3° ± 4.2° between the different conditions; and, for post-stroke subjects walking with FES, reporting mean errors of 3.39° (Sijobert et al., 2018).

The IMU accuracy in determining foot angle improvements associated with the use of FES on drop foot patients was evaluated against the gold standard system. The dorsi-plantar flexion and inversion-eversion differences between drop foot patients walking with and without FES were calculated for each system and used for the Bland–Altman comparison. The results are reported in Table 4. In the literature, significant improvements associated with the use of FES were reported when analyzing the difference in peak dorsiflexion during swing and ankle dorsiflexion at HS with a motion capture system (Scott et al., 2013; Van der Linden et al., 2014; Pool et al., 2015). In this study, peak dorsiflexion during swing was reported as the minimum value calculated during dorsi-plantar flexion, and the limits of agreement obtained (5.01° and −7.57° for upper and lower limit, respectively) were too wide to be able to detect improvements ranging between 2.6° and 8.1° found in previous studies (Scott et al., 2013; Van der Linden et al., 2014; Pool et al., 2015). Similarly, increases in ankle dorsiflexion at initial contact were found to range between 3.3° and 11.9° (Scott et al., 2013; Van der Linden et al., 2014; Pool et al., 2015), and the limits of agreement found in this study were not good enough (3.16° and −5.53° for upper and lower limits, respectively) to detect these changes. No studies were found in the literature reporting improvements in inversion-eversion following FES intervention; however, from the values reported in Table 4, it is suggested that IMUs would not be able to accurately detect changes in foot angle in the frontal plane.

Limitations of this study are associated with sensor attachment. IMUs were attached to the participants' shoes through a clip provided to place the sensor on the laces. However, due to the different types of shoes worn, the use of the clip was not always possible, and in some cases, the sensor was attached directly to the shoe with tape. This might have affected the movement of the sensors compared to the surrounding markers, especially in the frontal plane. In addition, the algorithm used to detect gait events needs improvements when fast walking is analyzed.

Despite inversion-eversion foot angles previously being estimated using IMUs, to the best of our knowledge, this is the first study comparing this measurement with a gold standard method. The results show that IMUs are currently not able to accurately assess foot movements in the frontal plane during gait for a range of walking abilities. In addition, the evaluation of changes in foot angles following FES intervention showed low agreement between IMUs and motion capture in the sagittal plane. Therefore, our initial hypothesis that IMUs were accurate enough to detect foot kinematics and the improvements associated with the use of FES is rejected. More work is necessary before IMUs can be used in clinical settings to evaluate foot kinematics for drop foot patients.



5. Conclusion

This study aimed to evaluate the accuracy of IMU sensors in comparison to other motion capture systems to estimate foot kinematics in the frontal and sagittal planes and to determine if IMUs are suitable for clinical use to detect the improvements associated with the use of FES in drop foot patients. The results of this study showed low agreement between the systems, in particular for the evaluation of inversion-eversion and changes in foot angles following FES intervention. Therefore, it can be concluded that IMUs are currently not an alternative to motion capture systems to analyze gait in drop foot patients in clinical settings.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Sheffield Hallam University Ethics Committee. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

Fd'A performed the data analysis and wrote the first draft of the manuscript. Fd'A and BH interpreted the results. BH contributed to the manuscript revision. All authors contributed to the conception and design of the study and collection of data. All authors read and approved the submitted version.



Funding

This research was funded under a NICR i4i (invention for innovation) award to Etexsense Ltd. For the purpose of open access, the author has applied a Creative Commons Attribution (CC BY) license to any Author Accepted Manuscript version arising from this submission.



Acknowledgments

The authors would like to thank Varshini Nandakumar for assisting in the data collection. In addition, the authors would like to thank the staff and patients at The National Clinical FES Centre for giving their time to participate in the study.



Conflict of interest

KY was employed by Etexsense. PT was employed by Odstock Medical Limited.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Azevedo, A. M., Oliveira, R., Vaz, J. R., and Cortes, N. (2020). Oxford foot model kinematics in landings: a comparison between professional dancers and non-dancers. J. Sci. Med. Sport 23, 347–352. doi: 10.1016/j.jsams.2019.10.018

 Benoussaad, M., Sijobert, B., Mombaur, K., and Coste, C. A. (2015). Robust foot clearance estimation based on the integration of foot-mounted IMU acceleration data. Sensors 16, 1–13. doi: 10.3390/s16010012

 Brandstater, M. E., de Bruin, H., Gowland, C., and Clark, B. M. (1983). Hemiplegic gait: analysis of temporal variables. Arch. Phys. Med. Rehabil. 64, 583–587.

 Brégou Bourgeois, A., Mariani, B., Aminian, K., Zambelli, P. Y., and Newman, C. J. (2014). Spatio-temporal gait analysis in children with cerebral palsy using, foot-worn inertial sensors. Gait Post. 39, 436–442. doi: 10.1016/j.gaitpost.2013.08.029

 Burridge, J., Taylor, P., Hagan, S., and Swain, I. (1997). Experience of clinical use of the Odstock dropped foot stimulator. Artif. Org. 21, 254–260. doi: 10.1111/j.1525-1594.1997.tb04662.x

 Falbriard, M., Meyer, F., Mariani, B., Millet, G. P., and Aminian, K. (2020). Drift-free foot orientation estimation in running using wearable IMU. Front. Bioeng. Biotechnol. 8, 1–11. doi: 10.3389/fbioe.2020.00065

 Grimston, S. K., Nigg, B. M., Hanley, D. A., and Engsberg, J. R. (1993). Differences in ankle joint complex range of motion as a function of age. Foot Ankle Int. 14, 215–222. doi: 10.1177/107110079301400407

 Kanzler, C. M., Barth, J., Rampp, A., Schlarb, H., Rott, F., Klucken, J., et al. (2015). Inertial sensor based and shoe size independent gait analysis including heel and toe clearance estimation. Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. EMBS 5424–5427. doi: 10.1109/EMBC.2015.7319618

 Knutsson, E., and Richards, C. (1979). Different types of disturbed motor control in gait of hemiparetic patients. Brain 102, 405–430. doi: 10.1093/brain/102.2.405

 Laidig, D., Jocham, A. J., Guggenberger, B., Adamer, K., Fischer, M., and Seel, T. (2021). Calibration-free gait assessment by foot-worn inertial sensors. Front. Digit. Heal. 3, 1–21. doi: 10.3389/fdgth.2021.736418

 Lefeber, N., Degelaen, M., Truyers, C., Safin, I., and Beckwee, D. (2019). Validity and reproducibility of inertial Physilog sensors for spatiotemporal gait analysis in patients with stroke. IEEE Trans. Neural Syst. Rehabil. Eng. 27, 1865–1874. doi: 10.1109/TNSRE.2019.2930751

 Li, J., Song, Y., Xuan, R., Sun, D., Teo, E. C., Bíró, I., et al. (2022). Effect of long-distance running on inter-segment foot kinematics and ground reaction forces: a preliminary study. Front. Bioeng. Biotechnol. 10, 1–9. doi: 10.3389/fbioe.2022.833774

 Malešević, J., Dedijer Dujović, S., Savić, A. M., Konstantinović, L., Vidaković, A., Bijelić, G., et al. (2017). A decision support system for electrode shaping in multi-pad FES foot drop correction. J. Neuroeng. Rehabil. 14, 1–14. doi: 10.1186/s12984-017-0275-5

 Mariani, B., Hoskovec, C., Rochat, S., Büla, C., Penders, J., and Aminian, K. (2010). 3D gait assessment in young and elderly subjects using foot-worn inertial sensors. J. Biomech. 43, 2999–3006. doi: 10.1016/j.jbiomech.2010.07.003

 Mariani, B., Jiménez, M. C., Vingerhoets, F. J. G., and Aminian, K. (2013). On-shoe wearable sensors for gait and turning assessment of patients with Parkinson's disease. IEEE Trans. Biomed. Eng. 60, 155–158. doi: 10.1109/TBME.2012.2227317

 Pool, D., Valentine, J., Bear, N., Donnelly, C. J., Elliott, C., and Stannage, K. (2015). The orthotic and therapeutic effects following daily community applied functional electrical stimulation in children with unilateral spastic cerebral palsy: a randomised controlled trial. BMC Pediatr. 15, 1–10. doi: 10.1186/s12887-015-0472-y

 Sabatini, A. M., Martelloni, C., Scapellato, S., and Cavallo, F. (2005). Assessment of walking features from foot inertial sensing. IEEE Trans. Biomed. Eng. 52, 486–494. doi: 10.1109/TBME.2004.840727

 Schauer, T. (2017). Sensing motion and muscle activity for feedback control of functional electrical stimulation: ten years of experience in Berlin. Annu. Rev. Control 44, 355–374. doi: 10.1016/j.arcontrol.2017.09.014

 Schwameder, H., Andress, M., Graf, E., and Strutzenberger, G. (2015). “Validation of an IMU-system (Gait-Up) to identify gait parameters in normal and induced limping walking conditions,” in 33rd International Conference on Biomechanics in Sports, 707–710.

 Scott, S. M., Van Der Linden, M. L., Hooper, J. E., Cowan, P., and Mercer, T. H. (2013). Quantification of gait kinematics and walking ability of people with multiple sclerosis who are new users of functional electrical stimulation. J. Rehabil. Med. 45, 364–369. doi: 10.2340/16501977-1109

 Seel, T., Graurock, D., and Schauer, T. (2015). Realtime assessment of foot orientation by accelerometers and gyroscopes. Curr. Dir. Biomed. Eng. 1, 466–469. doi: 10.1515/cdbme-2015-0112

 Seel, T., Laidig, D., Valtin, M., Werner, C., Raisch, J., and Schauer, T. (2014). “Feedback control of foot eversion in the adaptive peroneal stimulator,” in 2014 22nd Mediterranean Conference of Control and Automation MED 2014, 1482–1487.

 Seel, T., Werner, C., and Schauer, T. (2016). The adaptive drop foot stimulator – multivariable learning control of foot pitch and roll motion in paretic gait. Med. Eng. Phys. 38, 1205–1213. doi: 10.1016/j.medengphy.2016.06.009

 Sijobert, B., Feuvrier, F., Froger, J., Guiraud, D., and Coste, C. A. (2018). “A sensor fusion approach for inertial sensors based 3D kinematics and pathological gait assessments: toward an adaptive control of stimulation in post-stroke subjects,” in Annual International Conference of the IEEE Engineering in Medicine and Biology Society, 3497–3500.

 Stevens, F., Weerkamp, N. J., and Cals, J. W. L. (2015). Foot drop. BMJ 350, 3–5. doi: 10.1136/bmj.h1736

 Sun, D., Fekete, G., Mei, Q., and Gu, Y. (2018). The effect of walking speed on the foot inter-segment kinematics, ground reaction forces and lower limb joint moments. PeerJ 6, e5517. doi: 10.7717/peerj.5517

 Taylor, P., and Street, T. (2015). The case for the Odstock dropped foot stimulator. Available online at: http://www.odstockmedical.com/sites/default/files/the_case_for_fes.pdf (accessed September 8, 2022).

 Van der Linden, M. L., Scott, S. M., Hooper, J. E., Cowan, P., and Mercer, T. H. (2014). Gait kinematics of people with multiple sclerosis and the acute application of functional electrical stimulation. Gait Post. 39, 1092–1096. doi: 10.1016/j.gaitpost.2014.01.016

 Veltink, P. H., Slycke, P., Hemssems, J., Buschman, R., Bulstra, G., and Hermens, H. (2003). Three dimensional inertial sensing of foot movements for automatic tuning of a two-channel implantable drop-foot stimulator. Med. Eng. Phys. 25, 21–28. doi: 10.1016/S1350-4533(02)00041-3

 Zhou, L., Tunca, C., Fischer, E., Brahms, C. M., Ersoy, C., Granacher, U., et al. (2020). “Validation of an IMU gait analysis algorithm for gait monitoring in daily life situations,” in Annual International Conference of the IEEE Engineering in Medicine and Biology Society, 4229–4232.



OPS/images/fnhum-17-1225086-t004.jpg
Mean (°,

Upper LOA (°)

Dorsi-plantar flexion | Max —0.41 3.07 5.61
Min —128 321 5.01 —7.57
Rom 0.86 3.01 6.76 —5.04
AtHS —118 222 3.16 —5.53

Inversion-eversion Max 048 7.85 15.86 —14.89
Min 1.55 422 9.82 —6.73
Rom —1.06 4.85 8.44 —10.56
AtHS 247 4.86 11.98 —7.05

‘The dorsi-plantar flexion and inversion-eversion differences between drop foot patients walking with and without FES were calculated for cach system and used for the comparison of maximum
(max) and minimum (min) values, range of motion (rom), and the angle at heel strike (HS). The mean and standard deviation (SD) were calculated from the differences between motion capture
and IMU measurements. The 95% limits of agreement were calculated as mean % 196 SD to determine the upper and lower LOA within which 95% of the differences between the systems were
expected to fall.
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from the differences between motion capture and IMU measurements. The 95% limits of agreement were calculated as mean = 1.96 SD to determine the upper and lower LOA within which
95% of the differences between the systems were expected to fall.
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