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Abstract

Despite the promise of powered lower limb prostheses, existing controllers do not assist many daily activities that
require continuous control of prosthetic joints according to human states and environments. The objective of this case
study was to investigate the feasibility of direct, continuous electromyographic (dEMG) control of a powered ankle
prosthesis, combined with physical therapist-guided training, for improved standing postural control in an individual
with transtibial amputation. Specifically, EMG signals of the residual antagonistic muscles (i.e. lateral gastrocnemius
and tibialis anterior) were used to proportionally drive pneumatical artificial muscles to move a prosthetic ankle.
Clinical-based activities were used in the training and evaluation protocol of the control paradigm. We quantified the
EMG signals in the bilateral shank muscles as well as measures of postural control and stability. Compared to the
participant’s daily passive prosthesis, the dEMG-controlled ankle, combined with the training, yielded improved
clinical balance scores and reduced compensation from intact joints. Cross-correlation coefficient of bilateral center
of pressure excursions, a metric for quantifying standing postural control, increased to .83(�.07) when using dEMG
ankle control (passive device: .39(�.29)). We observed synchronized activation of homologous muscles, rapid
improvement in performance on the first day of the training for load transfer tasks, and further improvement in
performance across training days (p = .006). This case study showed the feasibility of this dEMG control paradigm of
a powered prosthetic ankle to assist postural control. This study lays the foundation for future study to extend these
results through the inclusion of more participants and activities.

Introduction

Recent advances in intelligent, powered prosthetic legs have opened up opportunities for individuals with
lower limb amputations to restore their normative movements in a variety of walking contexts (Hitt et al.,
2007; Au et al., 2008; Sup et al., 2009; Rouse et al., 2013; Liu et al., 2014; Tucker et al., 2017; Lenzi et al.,
2018; Quintero et al., 2018; Wen et al., 2019). These modern devices primarily use autonomous control,
which has not been demonstrated to assist other important daily tasks that involve unpredictable,
noncyclic motor behavior and require continuous coordination with the user’s motor control and
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environments. One example of such activities is anticipatory and compensatory postural control in
standing, walking, or other recreational activities (Legro et al., 2001; Brandt et al., 2017).

Focusing on standing postural control, lower limb amputees wearing passive prostheses have shown
decreased postural stability and increased compensation from the intact limb (Bolger et al., 2014;Ku et al.,
2014). This is partly because of the lack of active degrees of freedom in the prostheses. Powered
prostheses have active, controllable joints and, therefore, a potential to enhance the amputees’ postural
stability. Unfortunately, there has been no autonomous control solutions to assist amputees’ standing
posture yet because it is difficult to predict the postural perturbations and human anticipatory and
compensatory control for counteracting the perturbations. We are aware of one research group, devel-
oping autonomous prosthesis control to assist posture stability of the prosthesis users when standing on
slopes (Lawson et al., 2011). This automated control was reactive and limited in function because it can
assist standing posture on a slope only, and it acted only after the prosthesis foot was on an incline. Hence,
this prosthesis control was insufficient to assist anticipatory postural control (i.e., action before the
perturbation happens) or handle the postural control under dynamic perturbations (e.g., weight transfer),
which requires continuous postural control based on the shift of center of mass.

Since the human neural control system is highly adaptable to the task context, perhaps neural control of
prosthetic joints can be a viable solution to assist the amputee’s postural control and balance stability.
EMG signals of the residual muscles are readily available efferent neural sources in amputees and have
been used for neural control of prosthetic legs in walking. Many groups have used EMG pattern
recognition to classify the user’s locomotor tasks, switching autonomous prosthesis control mode
accordingly for enabling seamless locomotor task transitions (Hargrove et al., 2009; Huang et al.,
2009; Huang et al., 2011; Miller et al., 2013; Zhang and Huang, 2013). Another group used EMG signal
magnitude recorded from the residual medial gastrocnemius (GAS) to proportionally modulate a control
parameter in the automated prosthesis control during the push-off phase of walking (Wang et al., 2013).
Both approaches relied on autonomous prosthesis control laws and do not produce neural control of
prosthetic joints continuously. In human neuromusculoskeletal system, efferent neural signals activate
muscles that then produce force continuously around a joint for limb movement. This inspired three other
groups to design direct EMG (dEMG) control, in which EMG magnitude of one or a pair of residual
antagonistic muscles are directly mapped to modulate the applied torque to the prosthetic joints
continuously (Dawley et al., 2013; Huang et al., 2016; Clites et al., 2018). These groups conducted case
studies to show the feasibility of dEMG on amputees in walking. Note that the existing studies on EMG
control of powered prosthetic legs, regardless the methods used, focuses on locomotor tasksmainly. Little
effort has been aimed to address postural control.

Based on the current body of work, however, it remains to be seen whether multi-input dEMG
control of active prosthesis ankle is a feasible approach to assist noncyclic, dynamic postural control
tasks like picking objects up from the ground (termed load transfer). One of the questions is whether
the nervous system in human can still coordinate the recruitment of residual muscles that no longer
have biomechanical function. Previous studies have shown a large variation among transtibial
amputees in producing coordinated activity between the residual tibialis anterior (TA) and GAS in
a sitting posture or walking (Clites et al., 2018; Huang and Huang, 2018; Huang and Huang, 2019).
These results implied that individuals with transtibial amputations might no longer manifest normative
activation in the residual muscles due to the limb amputation. Luckily, there has been evidence to show
that training or practice is a potential way to improve the capability of amputees in modulating residual
muscles’ activity for dEMG control. Our previous study (Fleming et al., 2019) tested transtibial
amputees in dEMG control of a virtual inverted pendulum, mimicking the dynamics of standing
posture. We noted improved task performance for all the amputee participants after a short-term
practice within the same experimental visit. However, the amount of improvement varied significantly
among the participants. Acclimation to dEMG control has involved repeating the evaluated task
(walking) for an extend period of time (Dawley et al., 2013; Huang et al., 2016), or visualizing
phantom limb movements (Clites et al., 2018). For Huang et al. (2016), transtibial amputees did not
adapt activation of their residual GAS until they were given visual feedback of their prosthetic ankle
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angle with a target trajectory. However, it was unclear whether, after removing biofeedback training,
amputees could still reproduce desired ankle joint trajectories or continue to improve control. From the
findings of previous studies, we postulate that amputees might adapt and learn the necessary muscle
activation pattern for control function after training and practice.

In this study, we expand the work of previous studies by (a) designing a biomimetic dEMG
control paradigm using residual TA and GAS muscles (antagonistic muscles) for an artificial muscle-
driven prosthesis ankle, (b) creating and implementing a 4-week physical therapist (PT)-guided
training paradigm (without artificial feedback to the prosthesis user), and (c) investigating the ability
for an amputee to improve standing postural control with this control paradigm. We aim to
demonstrate the feasibility and potential benefit of a multi-input dEMG control paradigm of a
powered ankle prosthesis, combined with PT-guided training, on an individual with a transtibial
amputation for enhanced postural stability. The results of this case study may inform the design of
dEMG control of motorized prosthetic ankle, training protocol associated with this control paradigm,
and the future development of versatile powered prostheses that can assist various activities of
individuals with transtibial amputations.

Materials and Methods

Participant

We recruited one amputee participant to take part in this case study. The participant provided informed,
written consent to participate in this Institutional Review Board approved study at the University of North
Carolina at Chapel Hill. The participant was 57 years old and 3 years post-amputation with septic shock as
the cause. The participant weighed 131 kg. The participant used a pin-lock suspension and a Pro-Flex foot
(Össur) daily. For the purpose of the study, the participant was fit with a new prosthetic socket
(StabileFlex, Coyote Design). This transtibial socket design providedmore room in the anterior–posterior
direction while still maintaining adequate fit by loading the medio-lateral sides of the residual limb more
heavily. This socket design provided more room for the residual TA and residual GASmuscles to contract
compared to traditional socket designs, which increased comfort of residual muscle contractions within
the socket and reduced residualmuscle fatigue. On a daily basis, the participant used his passive prosthesis
for household and community ambulation. He was able to traverse environmental barriers without
requiring an assistive device and was independent with daily tasks, including driving. In a previous
study, this participant demonstrated relatively average task performance compared with other amputee
participants when controlling a continuous, dynamic virtual task with residual antagonistic shankmuscles
(Fleming et al., 2019) (participant TT2).

Clinical Screening

We conducted a sensory screening of the participant before the start of the study. A trained physical
therapist performed a sensation screen of the participant’s residual and intact limb. We noted partial
neuropathy in the participant’s intact foot. The participant had diminished light touch sensation distal to
the ankle joint. The participant had absent light touch sensation at the medical aspect of the intact foot.
Above the ankle joint, the participant was able to localize light touch sensation stimuli in all dermatomes
bilaterally.

Device Design and Control

To mimic the movement production in biological joints, we propose a dEMG control of an experimental
ankle prosthesis driven by pneumatic artificial muscles (PAMs) (Huang et al., 2014). PAMs are rubber,
linear actuators with contraction dynamics and length dependent force generation relationships similar to
normative musculature (Huang et al., 2014). Two PAMs in front of the socket replace the function of
TA; and two PAMs on the opposite side functions as the GAS. The force production of TA- and
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GAS-mimicking PAMs (like biological muscles) is length-dependent and modulated by the EMG
magnitude recorded from residual TA and GAS, respectively.

Fi ¼ ui b∗ liþ f 0ð Þ, (1)

ui ¼ :1∗ uactive,iþubaseline,ið Þ, (2)

where b [N/m] is the slope of force production, Fi [N], where I = 1,2 for the GAS and TA, respectively.
f 0 [N] is the offset and the functional lengths l1 and l2 of the PAMs were .240–.275 m. The input control
signal [V] was comprised of baseline signal ubaseline,1,2 used to generate the set stiffness of the prosthetic
ankle and uactive,1,2 was the active control signal from TA and GAS residual muscle activity, respectively.
In this study, we implemented continuous control of both dorsi- and plantar-flexion using two sets of
proportional pressure valves (MACValves,Wixom,MI) with two valves allocated to each PAM for a total
of eight valves. The input control signal for the control valves was 0–10 V which corresponded to a
pressure output of 0–90 psi proportionally. These control signals are empirically multiplied by .1 so that ui
is expressed as a unit vector (0–1 V). Our prosthesis prototype used the same setup reported previously
(Huang et al., 2014); the dynamics of the PAMs and the device can also be found in this previous report.

We processed EMG signals from residual TA and residual lateralGASmuscle in real-time (dSPACE,
CLP-1103, 0–10 V output) to create a smoothed control signal for each set of pressure valves (Figure 1).
The real-time setup created a smoothed control signal by first applying a high-pass filter (100 Hz, second
order Butterworth) to reduce the effect of potential signal artifacts. The setup then rectified the signal and
applied a low-pass filter (2 Hz, second order Butterworth). The smoothed signal for each respective
muscle was then sent to the pressure regulators, which generated pressure proportionally to the input
voltage to actuate the device (Figure 1).

We applied a baseline signal (ubaseline,1,2) from the setup for both pairs of muscles to set a base stiffness
for the ankle prosthesis. While the dEMG control was off, and the prosthesis unloaded, we applied a
baseline signal that generated a neutral ankle position (5–7° dorsiflexion). Then, we then asked the
participant to stand and asked him to compare the stiffness of the pneumatic device with his intact side
while shifting his weight. We adjusted baseline signals based on the perceived baseline stiffness to more
closely match his perceived intact ankle stiffness. We then repeated this process until both neutral ankle
angle and perceived stiffness met both criteria. Through this process we established a baseline signal of
~3 V for the plantar- and dorsi-flexor muscles. When the participant had active control (dEMG control

Figure 1. Real-time control setup. (a) Tibialis anterior electrode placement. (b) Lateral gastrocnemius
electrodes placement. Electrodes are placed in line with muscle bellies (location determined through
palpation as amputee is asked to contract muscle). Cables are routed away from bony landmarks.

(c) Real-time electromyographic (EMG) processing. EMG activity is collected and processed to generate
smooth control signal proportionally modulating the magnitude of air pressure within pneumatic

artificial muscles (PAMs). Contractile force fromPAMgenerates change torque and stiffness at prosthetic
ankle joint.
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was turned on) we observed an average tonic activity from the residual muscles (~1.3 V from residual
GAS, ~1 V from residual TA) across sessions. In order to allow the participant true continuous control of
the prosthetic device, we did not enforce an EMG threshold that would restrict low-level activity from
controlling the device. We applied a gain to each control signal at the beginning of each session in order
that a maximum contraction generated a control signal between 9 and 10 V.

Experimental Protocol

Before the initial evaluation and training, we introduced the amputee participant to the direct EMG control
paradigm and the pneumatic ankle device. While sitting, the participant wore the powered ankle
prosthesis and was given time to freely move the ankle joint via residual muscle contractions. During
this free exploration, we provided visual feedback of his residual muscle activation as a percentage of his
maximum voluntary contraction. In order to facilitate learning the dynamics (i.e., possible combinations
of ankle joint stiffness) we then asked the participant to fill a virtual control input space with his residual
antagonistic muscle contractions (as described in Huang and Huang, 2019). We then repeated these steps
while the amputee participant stood with handlebar support available to him. We took these steps to
provide the participant with a clear understanding of the input–output relationship of reciprocal activation
and co-activation of his residual muscles to changes prosthetic ankle joint dynamics. After this introduc-
tion stage we did not provide the amputee participant visual feedback of residual muscle activations.

The study consisted of an initial evaluation, five training sessions, a final evaluation, and a supple-
mentary evaluation. The timeline for training and evaluation sessions are outlined (Table 1).

For the evaluation sessions, we asked the participant to perform quiet standing tasks across various
sensory conditions. The four tasks selected involve quiet standing under two visual conditions, EyesOpen
(EO) and Eyes Closed (EC), and two surface conditions, Firm and Foam, as described by the BESTest
(Horak et al., 2009). These tasks were scored by a trained physical therapist on a scale from 0 to 3 where
when the participant stood stably for 30 s (Score = 3), 30 s unstable (Score = 2), stood less than 30 s
(Score = 1), and unable (Score = 0) (Horak et al., 2009).

For the training sessions, we selected tasks relevant to daily life activities: load transfer, sit-to-stand,
forward reach, and arm raise. These tasks (with the exception of the load transfer) are also a subset of
evaluation tasks in the BESTest (Horak et al., 2009). We selected these training tasks to differ from the
evaluation tasks in order to understand the effect of training to overall standing stability, as opposed to
task-specific stability, while using the dEMG control of a prosthetic ankle. At the start of each training
session, we asked the amputee to stand with his prosthetic foot on a rocker-board and intact foot on
firm ground for 30 s. During training, the participant completed two trials of each task per session with
a minimum of four repetitions per trial. The number of repetitions increased across days, as prescribed
by the physical therapist, where Day 4 of the training sessions (Table 1) had 20 total repetitions of
each task.

Table 1. Clinical standing balance evaluation and training timeline

Day Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8

Session type Passive prosthesis and
dEMG prosthesis
evaluationa

Training (dEMG only) dEMG evaluation Supplementary
evaluation
(passive only)

Tasks Quiet standing:
1) Firm, EO
2) Firm, EC
3) Foam, EO
4) Foam, EC

Rocker board warm-up
Arm raise
Forward reach
Load transfer
Sit-to-stand

Quiet Standing:
1) Firm, EO
2) Firm, EC
3) Foam, EO
4) Foam, EC

Rocker board
warm-up

Arm raise
Forward reach
Load transfer
Sit-to-stand

Abbreviations: dEMG, direct electromyography; EC, Eyes Closed; EO, Eyes Open.
aPassive prosthesis evaluation conducted first.
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We conducted the study over the course of 25 days. We gave a minimum of 1 day of rest between
sessions to reduce fatigue effects and a maximum of 4 days of rest between sessions to minimize learning
losses.We conducted trainingwith the dEMGcontrolled device only.We evaluated standing stability with
both passive and dEMG controlled devices on the first day. After training, we performed a follow-up
evaluation with the dEMG control. In order to compare postural control strategies in training tasks across
devices we conducted a supplementary evaluation session where the participant repeated the training
tasks while wearing his passive device.

A trained clinician attended each training sessionwith the participant. During each training session, the
clinician observed the participant complete each task. Between repetitions, the clinician provided
feedback to the participant regarding his full-body symmetry, body mechanics, foot positioning, and
alignment. The clinician provided feedback to encourage equal contribution from both limbs toward the
specific task. The patient received verbal cues to shift his weight onto his prosthetic side and to recruit
muscles in a “toes up” or “toes down” direction when learning each task. This directional cue is the same
language used when he performed his warm-up on the rocker board. He also required cues to shift his
weight onto his prosthetic side, especially for tasks such as sit to stand transfers in which he was
accustomed to compensating for an ankle that was relatively fixed, whereas the power prosthesis allowed
for movement in the sagittal plane.

Measurements

During all sessions, we recorded activity from the residual and intact shankmuscles. Specifically, we placed
EMG sensors (Neuroline 715, 1 mm height, Ballerup, Denmark) on residual lateral GAS and residual TA
muscles (Figure 1). We located residual muscle bellies via palpation while the participant contracted and
relaxed his muscles (Huang and Ferris, 2012). We then routed cables away from bony landmarks and
connected them to a preamplifier (Motion Lab Systems, MA-412, Gainx20, Baton Rouge, LA) outside of
the prosthetic socket.We placedEMGsensors (MotionLab Systems,MA-420,Gainx20) on intactGAS and
intact TA muscles. We connected all sensors to an amplifier (MA300-XVI, Gain x1000).

For all sessions, we collected center of pressure (CoP) locations under each foot using an instrumented
split-belt treadmill (1,000Hz,BertecCorp., Columbus,OH). For the final session of training (Day 6) and the
supplementary passive evaluation session (Day 8) we collected kinematics from the amputated limb using
motion capture (100 Hz, 15 markers, VICON, Oxford, UK). In order to limit the setup duration in the
training session we unfortunately did not capture full body kinematics and EMG signals in all the sessions.

Data Analysis

We processed all data offline using Matlab (Mathworks, Natick, MA). We analyzed all quiet standing
trials where the participant was able to maintain balance for the entire trial without stepping. Since the
participant was unable tomaintain balance in the dEMGcontrol, pre-training, foam condition, we used the
score given by the physical therapist for comparison. For the training sessions and supplementary
evaluation, we analyzed data from the load transfer tasks only. We selected the load transfer task for
analysis since this was self-reportedly the most difficult task for the participant during training.

For the training session analysis, we extracted and evaluated each repetition of the load transfer task.
Each repetition was manually extracted through visual inspection of the summed vertical ground reaction
forces in order to determine the moment the weight was picked up (before pick-up the weight was located
beside the instrumented treadmill). Based on the speed of movement during training, we empirically
windowed each repetition to �2 s on either side of the moment of pick-up.

For all evaluation trials and load transfer repetitions, we calculated synchronization of CoP excursions
in the Anterior-Posterior direction under each foot by taking the cross-correlation between the time series
(Mansfield et al., 2011). For each trial, we subtracted themeanCoP values from each foot and conducted a
cross-correlation of the times series using MATLAB (xcorr). We determined the cross-correlation
coefficient at time zero (CC0), max cross-correlation coefficient (CCmax), and the lag value (LagCC) in
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milliseconds from time zero to CCmax. CCmax and LagCC are calculated to determine potential lag in CoP
excursions between limbs using a window of �1 s (Mansfield et al., 2011).

For the final training session (dEMG control) and in the supplementary session (passive), we analyzed
ankle, knee, and hip joint flexion during the load transfer task. We calculated joint angles in the sagittal
plane (Dionisio et al., 2008) for each windowed repetition. We then subtracted joint angles during quiet
standing from all repetitions for each condition. We tabulated peak hip, knee, and ankle flexion angles
during the windowed repetitions.

In order to analyze the neural control strategy used by the participant, we processed EMG activity from
residual and intact TA and GAS muscles. First, we high-pass filtered the raw EMG signal (Butterworth,
second order, 100-Hz cutoff) from all muscles to remove potential motion artifacts. We rectified the
signals and applied a low-pass filter (Butterworth, second order, 20-Hz cutoff) in order to generate a
smoothed signal for qualitative comparison. We then selected representative repetitions from the first and
final day of training based on CC0 values that were closest to the average CC0 for that day of training. We
then plotted CoP excursion, EMG activity from residual and intact TA and GAS, and residual TA and
GAS control signals together for qualitative comparison.

Statistical Analysis

For our statistical analysis of the data, we used the statistical software (JMP, SAS, Cary, NC). We used
a one-way ANOVA to compare the CC0, CCmax, and LagCC with training day as the main effect. We
used the Shapiro–Wilk normality test (p < .01) to detect outlier repetitions. One repetition was
removed from our analysis (Repetition 2, Day 1 training, CC0 = �.4). We ran a simple linear
regression to determine the amount of variance (via R-squared) described by trial order in each
training session CC0, CCmax, and LagCC. We analyzed joint flexion angles in the load transfer task
between dEMG control and passive device. We used a two-way ANOVA to detect main and
interaction effects of Device and Joint. When we found a significant effect, we tested for statistical
differences within joint and device conditions using Tukey’s honestly significant difference test
(a = .05). We set significance threshold using an alpha value of .05.

Results

Quiet Standing Evaluation: Clinical Scoring of Stability

We observed clear improvements in stability with the dEMG control of the powered ankle in the quiet
standing tasks post-training (Table 2). In the pre-training condition, the amputee displayed moderate
instability on the firm surface for both eyes open and eyes closed, evidenced by visually noticeable sways
(Score = 2). In the foam surface, the amputee was unable to maintain balance without stepping in either

Table 2. Quiet standing tasks clinical score and between limb synchronization

Device Surface Condition Score (BESTest) CC0

Passive Firm Eyes Open 2 .654
Eyes Closed 2 .395

Foam Eyes Open 2 .540
Eyes Closed 2 �.004

dEMG control (pre-training) Firm Eyes Open 2 .460
Eyes Closed 2 .590

Foam Eyes Open 1 Insufficient data (9 s max)
Eyes Closed 1 Insufficient data (2 s max)

dEMG control (post-training) Firm Eyes Open 3 .852
Eyes Closed 3 .862

Foam Eyes Open 3 .713
Eyes Closed 3 .867

Abbreviation: dEMG, direct electromyography.
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condition (Score = 1). Post-training, the amputee improved stability over all conditions (Score = 3). In all
surface and vision conditions the participant did not display visually significant sways and did not require
the use of any handlebars.

We observed differences in stability between the passive (baseline) and dEMG controlled condition
(Post-training) (Table 2). With his passive device the amputee was able to maintain balance in all
conditions with significant postural sway, and the use of handlebars was not needed (Score = 2). With
dEMG control, post-training, the amputee had minimal postural sways for all conditions (Score = 3).

Quiet Standing Evaluation: Between Limb Synchronization

The participant demonstrated distinct patterns of bilateral center of pressure excursions between the passive
and dEMG control (Post-training) for the quiet standing tasks. Figure 2 shows this stark contrast in the foam
condition where the participant displayed noticeably higher synchronization between his intact and prosthetic
foot CoPAP excursionwith dEMGcontrol (EOCC0 = .713, ECCC0 = .867) comparedwith his passive device
(EOCC0= .540,ECCC0=�.004).Weobserved this increase in synchronization duringdEMGcontrol in firm
surface conditions as well (Table 1). The magnitude of CoPAP excursion of the prosthetic foot in the passive
device was less than the intact limb CoPAP excursion as evidenced by time series plots (Figure 2a,b). The
participant increased CoPAP excursion on the prosthetic side post-training with dEMG control (Figure 2c,d).

In dEMG control, the amputee demonstrated improvements in between limb synchronization after
training for all quiet standing conditions (Table 2 and Figure 3). In the firm condition, pre-training, we
observed moderate cross-correlation in CoP excursions between the intact and dEMG controlled foot
(EO CC0 = .460, EC CC0 = .590) (Figure 3a,b). Post-training, the participant more closely synchronized
CoP excursions between the two feet (EOCC0 = .852, ECCC0 = .862) (Figure 3c,d) in the firm condition.
During the initial evaluation the amputee was unable to maintain balance in the foam condition thus we
did evaluate CC0 for the pre-training, dEMG control condition. However, the amputee demonstrated
similar synchronization values between firm and foam conditions in the post-training condition (Foam:
EO CC0 = .713, EC CC0 = .867).

Training Evaluation: Load Transfer Task

Over the course of training, the amputee significantly improved between-limb synchronization of CoP
excursion. In the initial trials of the load transfer task, the participant displayed moderate levels of
synchronization (CC0 = .49(�.16), CCmax = .52(�.14), CClag =�107.3 ms (�357.1)) (Figure 4) similar
to synchronization values observed during the initial evaluation. We observed that CCmax and CC0

improved significantly over the course of just the first day, where CCmax and CC0 are significantly related
to repetition order (CCmax: R

2 = .459, p = .045; CC0: R
2 = .646, p = .009) (Figure 4). We determined this

relationship was significant for the first day, however, not for the trial order in the remaining days. Across
training, day was found to be a significant main effect for CCmax (p = .011) and CC0 (p = .006), but not for
CClag (p = .279). At the final day of training, we observed CC values of (CC0 = .76(�.15), CCmax = .76
(�.16), CClag = �22.8 ms (�32.79)).

Analysis of EMG patterns during representative load transfers demonstrated distinct neural strategies
between initial and final trials (Figure 5). These specific repetitions were chosen since their CC0 value
closely matched average CC0 values for the initial and final day of training. Pre-training, we observed
different timing and shape of EMG activity between the residual and intact limb. The participant
intermittently activated the intact TA (Figure 5a) with a steady contraction of the GASmuscle throughout
the movement (Figure 5b). In comparison, the amputee had little to no activation from the residual TA
before peak squat depth (Figure 5a,c) followed by significant activation of the GASwhile returning to the
standing posture (Figure 5b,c). The control signal reached half of its force generating potential (5 V ~
50 psi) in the plantar-flexor direction during this movement (Figure 5c). Post-training, the strategy
between the two limbs appeared more closely aligned. Activations from the residual TAwere seemingly
identical to activations from the intact TA (Figure 5e). Intact and residual GAS muscle activations were
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relatively aligned (Figure 5f) with the exception of activation of the intact GASmuscle before reversal of
the squatting motion (Figure 5f). The control signal to the prosthesis (Figure 5c,g) mostly clearly
demonstrated residual antagonistic pair control strategy across training. In final trials, we observed high
activations of the residual TA at the beginning of the movement, followed by small contractions from the
residual GAS and co-contraction post-squat (Figure 5g). CC of CoPAP excursions demonstrate the
similarity in control strategy between limbs (Figure 5h).

Figure 2. Passive versus post-training direct electromyographic (dEMG) control on the Foam Surface.
Representative center of pressure excursion and cross correlation between limbs. Representative trials
are 10 s portions taken from each 30-s trial. Trials shown above are foam surface only. (a) Passive device,
eyes open condition. (b) Passive device, eyes closed condition. (c) dEMG controlled device, eyes open.

(d) dEMG controlled device, eyes closed.
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As a supplementary evaluation, we asked the participant to perform the load transfer task on the final
evaluation day to determine the effect removing active EMGcontrol with the pneumatic prosthesis.While
the active control was switched off the participant conducted three repetitions of the load transfer task. For
these trials, we observed CoP excursion CC0 for these repetitions to be .465(�.14)).

Figure 3. Pre- versus post-training with dEMG control on the firm ground. Representative center of
pressure excursion and its cross correlation between limbs. Representative trials are 10 s portions taken
from each 30-s trial. Trials shown above are firm surface only. (a) Pre-training, eyes open condition.
(b) Pre-training, eyes closed condition. (c) Post-training, eyes closed condition. (d) post-training, eyes

closed condition.
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Load Transfer Task: Postural Control Strategy

Post-training, we observed significantly different postural strategies between the passive and dEMG
controlled device for the load transfer task. We observed small flexion angles for the passive ankle
prosthesis during the load transfer (Table 3 and Figure 6). With dEMG control post-training, the ankle
flexion angle significantly increased (passive-dEMG, p < .0001). For the dEMG control condition the
knee flexion angle also increased (passive-dEMG, p < .0001) and the hip flexion angle decreased
(passive-dEMG, p < .0001). We observed a significant interaction between the device and joint
(p < .0001).

Discussion

In this study, we present the feasibility of direct EMG control to continuously operate prosthetic ankle
joint mechanics to address the postural stability for individuals with transtibial amputation. The main
finding of this study is that our recruited transtibial amputee participant was capable of using biomimetic,
dual-input control of a PAM actuated prosthetic ankle to significantly improve standing postural control
across various contexts compared with using a passive ankle prosthesis. Completely different from the
“standard” control framework for active lower limb prostheses and exoskeletons as suggested in Tucker
et al. (2015) that relies on preprogrammed, discrete finite state machines and prescribed control laws,
dEMG control used in this case study, continuously drives a powered prosthesis joint based purely on the
user’s neural control signals (i.e. motor commands) from the residual GAS and residual TAmuscles. This
device offered the amputee user the freedom to continuously adjust the behavior of prosthetic ankle
(i.e. control both stiffness and position via coactivity and reciprocal activity). The freedom to commit
EMG-modulation of both stiffness and position allowed the amputee to more closely match interlimb

Figure 4. Center of pressure (CoP) synchronization values during training for the load transfer task. R-
squared values and p-value are shown for cross-correlation (CC) values (CC at zero lag, maximum CC,
and lag of maximum CC from zero lag) for Day 1 of training. Due to concern for residual muscle fatigue

during training, Days 1 and 2 contained less than 10 repetitions.
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behavior across a range of tasks and conditions. We chose different postural control tasks during standing
in this study, as the first step, to evaluate the potential of this biomimetic, dEMG control for standing
postural control tasks that requires continuous coordination of residual muscle activation. This biomi-
metic control differs significantly from previouswork since the amputee has active control of both plantar/
dorsiflexors with active and passive dynamic properties similar to normative musculature. Based on these
results, future work should focus on implementing the properties of the proposed control into a motorized
design that can be tested outside of the laboratory to assess its benefit to amputees’ daily life.

One of the interesting observations in this study was that enabling neural control of a prosthetic ankle
on the amputated side elicited improved motor coordination between the intact limb and amputated limb
during postural control. The between-limb coordination was manifested by (a) synchronized CoP
anterior–posterior excursion and (b) synchronized shank muscle activation. First, we observed a signif-
icant improvement in between-limb synchronization of CoP excursion during standing postural control

Table 3. Load transfer joint angle (passive vs. post-training dEMG control)

Device

Joint Passive flexion (deg) dEMG control flexion (deg)

Ankle 4.07 (�.71) 25.59 (�4.33)
Knee 51.00 (�3.51) 77.08 (�4.70)
Hip 103.89 (�5.07) 86.55 (�2.47)

Device main effect p < .0001
Joint main effect p < .0001
Interaction effect p < .0001

Figure 5. Representative load transfer trials pre- and post-training. Dashed line: moment of peak
deceleration during squatting movement. (a) Normalized electromyography (EMG) of residual (orange)
and intact (gray) tibialis anterior (TA) muscle pair. (b) Normalized EMGof residual (blue) and intact (gray)
gastrocnemius (GAS) muscle pair. (c) Control signal to the prosthesis from the real-time processing of

residual TA (orange) and residual GAS (blue) muscle EMG. (d) Center of pressure (CoP) excursion from
prosthetic (black) and intact foot (gray). Cross-correlation values are displayed for each representative trial
(pre: cross-correlation[CC] = .467, post: CC = .766). (e–h) Data for post-training. Normalized EMGwas

calculated by dividing the maximum EMG value for each muscle from the entire trial.
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when the TT amputee can actively use prosthetic ankle via neural control, compared to when he used
passive device (Figures 2 and 3). Between-limbCoP synchronization has developed over recent years into
a meaningful measure of postural control for populations with inter-limb deficits (i.e. stroke population)
(Mansfield et al., 2011; Mansfield et al., 2012). When the participant wore a passive prosthesis, the
missing ankle function led to lack of CoP excursion on the amputated side and therefore lack of bilateral
CoP synchronization (Rusaw andRamstrand, 2016).When the participant can activelymove the ankle via
the EMG control signals, not only the CoP excursion magnitude increased on the amputated side, but also
it showed improved synchronization with the CoP excursion in the intact side. This CoP synchronization
restores the possibility of normative CoP control strategies in standing typically observed in healthy
individuals (i.e. CoP-CoM to CoM acceleration relationshipWinter et al., 1998). The observation implies
the importance in restoring ankle control and function for enhanced postural stability and the potential of
dEMG control for active control of prosthetic ankle. Additionally, by demonstrating the ability for a
transtibial amputee to volitionally adjust CoP excursion while improving standing postural control, this is
the first study to show the potential for this biomechanical feature to indicate prosthetic ankle control
capability. Second, the between-limb coordination was also observed in EMG activation pattern as shown
in Figure 5. After learning the dEMG control of prosthetic ankle in standing postural control, nearly
synchronized activation between intact and residual TA/GAwas observed. One of the open questions is
what neural mechanisms are responsible for the observed adaptation in residual muscle activations. The
observation of synchronized activation in homologous muscles between limbs cause us to consider the
potential for a common neural drive behind the activity for both muscles. It would be an interesting future
direction to investigate the neuromuscular adaptation in lower limb amputees when the function of
residual muscle activation is restored via dEMG control of prosthetic joints.

We attempted to evaluate whether, using this biomimetic control, the amputee could improve control
over time without the use of artificial feedback of the prosthetic ankle state (i.e. visual feedback, nerve
stimulation, etc.). Using resources already available in amputee rehabilitation (i.e. guided therapy with a
physical therapist) we developed a specific, extended training paradigm guided by a physical therapist
toward the training of dynamic, standing postural control tasks. Qualitatively, over the course of training,
we witnessed various stages of learning from the amputee participant. During the initial training days
(1 and 2) the amputee noted that he focused primarily on controlling the prosthetic ankle when completing
the prescribed tasks. However, in the latter days of training (Days 3–5), the participant frequently

Figure 6. Load transfer task joint flexion angles (passive vs. post-training direct electromyographic
[dEMG] control). Gray: passive prosthetic ankle, hip, and knee joint flexion on affected limb at peak
squat depth (as determined by location of hip joint center). Blue: dEMG controlled prosthetic ankle, hip,
and knee joint flexion at peak squat depth. Joint flexion angles determined as the difference between angle

at maximum depth and angle during quiet standing.
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mentioned focusing onwhole-bodymovement, using his prosthetic and intact limb symmetrically. Huang
et al. (2016) observed improvement in dEMG control of a prosthetic ankle during walking when they
provided visual feedback of the ankle-joint angle, demonstrating the relevance of this joint-level focus
when learning. We extend the results from this study by demonstrating the ability for an amputee to
potentially continue the learning process beyond this joint level focus, without the use of visual feedback.
Since this learning occurred in the absence of supplementary artificial feedback, only under the guidance
of verbal feedback from a physical therapist, this type of training shows promise toward real-world
application of dEMGcontrol of a powered ankle prosthesis.While the stages of learning observed here are
discussed qualitatively, future investigations of amputee learning the dEMG control of a prosthetic device
would benefit by analyzing the potential change in multi-joint muscle coordination via muscle synergy
analysis (Danna-dos-Santos et al., 2007; Latash, 2010).

Before conducting this study, we did not know whether our recruited amputee participant could
coordinate his residual muscle activation appropriately for prosthetic ankle control to assist postural
stability due to his limited capability in coordination of residual muscle activities. In addition, it was
unclear how the participant’s demographics, such as age (57 years old), body mass index (~34), presence
of vascular disease (including partial neuropathy at the intact foot), might affect his ability to improve
control during training. Although these factors may have a significant negative effect on standing postural
control (Hageman et al., 1995; Lafond et al., 2004; Ku et al., 2012) they are highly characteristic traits of
the lower-limb amputee population (Ziegler-Graham et al., 2008; Rosenberg et al., 2013). The before-
training evaluation also showed limited muscle activation in residual TA (Figure 5) and comparable or
evenworse quiet standing test score (Table 2). In our previous study, we observed this amputee participant
had relatively average residual muscle control when compared with other amputee participants (Fleming
et al., 2019) (participant TT2). In the previous study, we asked amputee participants to coordinate
antagonistic residual muscle activity to control a dynamic virtual inverted pendulum (similar to standing
postural control). This participant demonstrated the capability of adapting residual muscle activity over
time, however, it was unclear whether this adaptation could occur with a physical prosthetic device.

The results from this study have several implications for the potential clinical benefit of dEMG control
of a powered prosthetic ankle. During the follow-up evaluation of the load transfer task, we observed the
participant had limited range of motion with his passive prosthetic ankle, likely due to minimal change in
angle of the stiff ankle joint. Hence, compensation with more trunk flexion was used, which is a known
problem for back injuries during weightlifting. The participant was able to significantly change ankle
angle using the dEMG control ankle allowing for an improved overall postural configuration (i.e., more
vertical trunk angle) (Cole and Grimshaw, 2003) in lifting, which could significantly prevent secondary
injuries post amputation. The implementation of neural control (as well as artificial sensory feedback)
with powered prostheses has shown benefit toward prosthetic embodiment in the upper limb (Page et al.,
2018). We expect the volitional, biomimetic control proposed in this current study to have a potential
effect on prosthesis embodiment. There is truly a rich opportunity for the normalization of other functional
tasks (like dancing, jumping, and picking up a child) that are critical to daily life activities and amputee
quality of life. This control paradigm shows significant promise toward the restoration of these daily-life
tasks. It is clear from these results that this control paradigm not only improved standing postural control
for trained tasks, but also in untrained tasks (like standing on foam surface, Figure 2). The benefit of this
direct control paradigm across multiple tasks poses significant benefits over automated control, whose
algorithms must be developed for each individual tasks separately.

Our study included one amputee to investigate the feasibility of dEMG control of a powered ankle for
enhanced postural control. Although exciting results were observed, this case study mainly served as a
feasibility study and was insufficient to conclude the benefit of dEMG control of powered ankles on
broader range of amputee population. Future work should expand this current case study to include more
participants to understand the applicability to the general amputee population. It would be interesting in
future study for more measures of stability (including center of mass, joint torque symmetry, etc.) to
further inform the effect of dEMG control of a powered ankle prosthesis. While interlimb EMG activity
more closely aligned post-training, it would be beneficial for future study to investigate joint torque to
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determine relative contribution of each joint toward task completion. Although its effect is not specifically
addressed in the context of this study, future study would benefit to evaluate the effect of prosthetic socket
design on residual muscle activations during EMG control of lower-limb prostheses. The reason for us to
use PAM-driven prosthesis is that it is straightforward to formulate biomimicking ankle control. Ideally
the same setup can be designed onmotorized prostheses with virtual musculoskeletal model in the control
software.

Conclusion

This case study was the first attempt to demonstrate the feasibility and potential for direct EMG
control of a powered prosthetic ankle, combined with PT-guided training, to enhance standing
postural control across various contexts and tasks. The participant when using dEMG-controlled
powered ankle yielded improved clinical balance score, reduced compensation from the intact joints,
and improved between-limb coordination, compared to those when using his daily passive prosthe-
sis. In addition, the case study developed a PT-guided training protocol for transtibial amputees,
which is necessary for them in learning dEMG control of powered ankle to assist postural control
and improve postural stability. This case study has developed the grounds for future design of
versatile and agile powered lower-limb prostheses via direct, continuous EMG control via residual
muscles, which may further improve the motor function of individuals with lower limb amputations
and improve the ability for amputees to navigate standing postural control tasks that are a significant
portion of daily-life activities.
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