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Abstract

Existing controllers for robotic powered prostheses regulate the prosthesis speed, timing, and
energy generation using predefined position or torque trajectories. This approach enables climbing
stairs step-over-step. However, it does not provide amputees with direct volitional control of the
robotic prosthesis, a functionality necessary to restore full mobility to the user. Here we show that
proportional electromyographic (EMG) control of the prosthesis knee torque enables volitional
control of a powered knee prosthesis during stair climbing. The proposed EMG controller
continuously regulates knee torque based on activation of the residual hamstrings, measured using
a single EMG electrode located within the socket. The EMG signal is mapped to a desired knee
flexion/extension torque based on the prosthesis knee position, the residual limb position, and

the interaction with the ground. As a result, the proposed EMG controller enabled an above-knee
amputee to climb stairs at different speeds, while carrying additional loads, and even backwards.
By enabling direct, volitional control of powered robotic knee prostheses, the proposed EMG
controller has the potential to improve amputee mobility in the real world.

. Introduction

Most knee prostheses available to individuals with leg amputations are energetically passive
devices [1] that cannot generate the net-positive energy required to climb stairs [2]. Due to
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this limitation, individuals with above-knee amputations must climb stairs one step at a time,
leading with their non-amputated leg [3]. This unnatural gait pattern is slow, inefficient, and
requires substantial strength and stamina in the non-amputated leg. Robotic powered knee
prostheses aim to address this limitation using embedded actuators. During stair climbing,
when the foot is in contact with the step, powered knee prostheses can actively generate
torque to lift the user’s body mass against gravity [4] [5] [6] [7] [8]- When the foot is

off the ground, the embedded actuators can actively control the prosthesis movements to
clear the stairs. However, to accomplish this task in the real world, powered prostheses need
controllers that can accurately coordinate the action of the prosthesis with the movements of
the user.

Most stair controllers rely on information from mechanical sensors embedded in the
prosthesis, such as inertial measurement units (IMU) and ground reaction force sensors,

to determine the action of the prosthesis. These stair controllers can provide the user with
a limited sense of agency over the prosthesis by reacting to the movements of the user’s
residual limb. For example, if the user’s residual limb moves faster, the powered knee moves
faster. If the user pushes more into the prosthesis, the powered knee generates torque more
quickly. This indirect volitional control enables above-knee amputees to climb stairs with
different geometry, at their preferred cadence, and using different gait patterns [9] [10].
However, with this control approach, users cannot voluntarily control the movements of
the prosthetic joints independently from the movement of their residual limb. Therefore,
controllers based only on mechanical sensors cannot provide users with direct volitional
control of the prosthesis.

Neural signals encode the intention of movement. Therefore, controllers based on neural
signals from the residual-limb muscles can provide users with direct volitional control

of their powered prosthesis. Electromyography (EMG) allows for direct control of the
prosthesis movements both during non-weight-bearing activities [11] [12] and weight-
bearing activities such as walking [13] and stair ascent [14]. However, these EMG
controllers require EMG signals from antagonist muscles, which have considerable issues
with cross talk and co-activation. As a result, individuals with above-knee amputations
struggle to differentiate extension and flexion, which makes the control of a powered knee
prosthesis quite challenging even after multiple weeks of training [13].

Limiting EMG-control to regulate the action of powered protheses in stance only can
address some of these issues by requiring only one EMG sensor [15]. However, this
approach reduces the user’s sense of agency because the users are only in control of the
prosthesis when the foot is on the ground. Also, this approach does not allow for stair
climbing. Sonomyography can hypothetically address some issues of EMG but has only
been used with lower-limb amputees in offline studies [16] [17]. Thus, we do not have a
direct volitional controller that enables amputees to climb stairs naturally with a powered
knee prosthesis.

Limiting EMG-control to regulate the action of powered protheses in stance only can
address some of these issues by requiring only one EMG sensor [15]. However, this
approach reduces the user’s sense of agency because the users are only in control of the
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prosthesis when the foot is on the ground. Also, this approach does not allow for stair
climbing. Sonomyography can hypothetically address some issues of EMG but has only
been used with lower-limb amputees in offline studies [16] [17]. Thus, we do not have a
direct volitional controller that enables amputees to climb stairs naturally with a powered
knee prosthesis.

In this paper, we propose a volitional EMG controller for stair ambulation with a powered
knee prosthesis. The proposed controller uses a single EMG electrode placed inside of the
socket on the back of the residual limb. The EMG electrode records the activation of the
residual hamstrings to control the prosthesis torque both in flexion and extension. The EMG
signal is translated into torque using a proportional gain that depends on the leg position
and the interaction with the ground. Variable damping is used to slow the prosthesis down,
depending on the orientation of the residual thigh and the position of the knee. The goal

of this paper is to show that the proposed EMG controller can provide an above-knee
amputee subject with direct volitional control of a robotic powered knee prosthesis during
stair climbing.

[I. Methods
A. EMG Control

The proposed controller is inspired by analysis of electromyography and joint biomechanics
of nonamputee individuals ascending stairs. The EMG signal from the residual biceps
femoris (BF) muscle is mapped to flexion or extension torque depending on the physical
interaction with the ground, as measured by an embedded ground reaction force (GRF)
sensor. Specifically, the EMG signal is mapped to flexion torque when the prosthesis is off
the ground and to extension torque when the prosthesis is on the ground (Supplementary
Video). The transition between flexion and extension torque happens continuously as a
function of the GRF as shown in Fig. 1(a, c). Moreover, the proportional EMG gain changes
continuously based on the knee position (6....) and the global orientation of the residual-limb
thigh segment (0,...»), which is determined by an onboard IMU. Virtual damping is added to
the EMG torque to slow down the knee movements during critical gait phases based on the
knee and thigh position as shown in Fig. 1(e, f).

Combining proportional EMG control and virtual damping, the total desired knee torque
(T..t) is the sum of four different parts: EMG flexion torque (T7.:°), EMG extension torque
(T2:"°), thigh damping (T7;.,) and knee damping (7...), as shown in (1) and Fig. 1.

EMG EMG B B
Tioiat = Triex = Test ~ + Tinigh + Thnee

@

Knee flexion torque is necessary during stair ascent at the beginning of swing (i.e., foot
off the ground) to quickly move the prothesis shank backwards and provide toe clearance
between the prosthetic foot and the next stair. This flexion torque is generated voluntarily
by the user with proportional EMG control. Specifically, the EMG flexion torque (T7°) is
defined by multiplying the EMG signal by two gains, k; and k., as shown in (2).
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T/tC = (kp(GRF) - kpr(Opig)) - EMG

@

krc ensures that flexion torque is only provided when the prosthetic foot has minimal-to-no
contact with the ground, allowing EMG flexion torque during late stance and swing only. To
this end, k.. is 1 when the GRF < 40 N, and 0 when GRF > 80 N and increases linearly
between 0 and 1 as the GRF decreases from 80 to 40 N (Fig. 1(a)).

ks changes the sensitivity of the EMG torque as a function of the global orientation of

the residual-limb thigh segment (6,,...). When the residual limb is directly below the subject
(6.1::~0), the proportional gain k. is at its maximum, increasing the sensitivity of flexion
torque relative to the EMG signal. As the thigh moves in front of the subject (6, < 0),

the proportional gain k. decreases linearly to 0, decreasing the sensitivity of flexion torque
at the end of swing phase. As a result, the sensitivity of the EMG torque is high at the
beginning of swing, when flexion torque is needed to clear the step, and zero at the end

of swing, when the prosthetic foot hovers over the step before the subject places their foot
down. To achieve this effect, k- depends on the global orientation of the residual-limb
thigh segment (6,,...), which is determined by an onboard IMU. As shown in Fig. 1(b), kr

increases linearly from O to 1 as 6, increases from —-50° to —20°. If 6,,,,, < — 50°, then
ker = 0. 1 6, > —20°, then k. = 2.75.

Knee extension torque is necessary during stair ascent to provide the energy to extend the
knee joint and lift the subject up the stair. This extension torque is voluntarily generated by
the user using proportional EMG control. Specifically, the EMG extension torque (7.."%) is
determined by multiplying the EMG signal by two gains, k. and k., as shown in (3).

Tﬂm = (kEG(GRF) : kEK(gknee)) -EMG

©)

ks ensures that the proportional EMG extension torque is only provided when the foot is
in contact with the ground. To achieve this result, k.. increases linearly from 0 to 1 when
the GRF increases from 50 to 100 N (Fig. 1(c)). Moreover, k¢ is 1 when the GRF > 100
N, and 0 when GRF < 50 N. A threshold of 50 N ensures that the user loads the prosthesis
sufficiently before the prosthesis starts extending.

ke regulates the sensitivity of the EMG torque based on the knee joint position (é,..), SO that
the extension torque (7.’ is high at the beginning of stance, when high torque is needed,
and zero at the end of stance, when no torque is needed. k. increases linearly as the knee
joint position increases between 5° and 40° as shown in (d). If the 6,,.. < 5°, then kg = 0. If
the O,... > 40°, then k. = 40.

Virtual damping is added to the proportional EMG torque to slow down and smooth the
movements of the powered knee prosthesis during specific phases of stair ascent. Two
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separate terms determine the virtual damping, the thigh damping torque (77,,,) and the knee
damping torque (T%,..). The thigh damping torque (7,,,) depends on two gains, k.; and B; as
shown in (4).

Tﬁu‘gh = (kFG(GRF) . BT(elhigh))éknet’

©

kre (Fig. 1(a)) is the same gain used in (2) for the EMG flexion torque (T7.:%) and varies
between zero and one depending on the GRF so that the thigh damping torque (7},.,) is zero
when the prosthetic foot is in contact with the ground. The second gain (B;), depends on the
thigh orientation. B, increases linearly from 0 to 0.1 as the thigh orientation (8,,,,) decreases
from -45° to -50° (Fig. 1(e)). Moreover, if 8,,,, > — 45°, then B, = 0. If 6,,,, < — 50°, then

- = 0.1. Therefore, the thigh damping is zero at the beginning of swing, when the thigh is
vertical (6,.,,~0) and the prosthetic knee needs to flex quickly to clear the step. Moreover, the
thigh damping is at its highest value at the end of swing when the thigh is in front of the
torso (8...» < 0) and the subject is ready to place their foot on the next step.

The knee damping torque (T..) slows down the knee joint as it gets closer to full extension
regardless of the GRF. It only provides damping against knee extension (4,... < 0) and
depends on only one gain (By), as shown in (5).

Tinee = Bi(Oree) - Otee (éknee < 0)

®)

By depends on the knee position (0y..). If 0y, > 30°, then By = 0. If 0,,.. < 10°, then B, =0.2.

When 10° < 0y, < 30°, By increases linearly from zero to its maximum value (0.2) as the
knee position decreases (Fig. 1(f). Essentially, the knee damping torque slows down the knee
joint as it gets close to full extension regardless of the ground reaction force.

B. Utah Bionic Leg

For this study, we used the Utah Bionic Knee in combination with a passive foot/ankle (Fig.
2) [18]. The Utah Bionic Knee is a self-contained, battery-operated powered knee prosthesis
that can replicate the biomechanical functions of the human knee during ambulation. It

is the lightest powered knee in the field. The passive ankle/foot prosthesis is an off-the-
shelf prosthesis (Taleo, Ottobock) retrofitted with a custom instrumented pyramid adapter
capable of measuring vertical ground reaction forces [19]. The knee and ankle modules

are connected using a standard 30-mm pylon, cut to the correct height for the user.

The instrumented pyramid adapter communicates with the powered knee using a digital
communication line that runs inside the pylon.

C. Experimental Protocol

For this study, we recruited one individual with an above knee amputation (32-year-old,
male, 77.25 kg, 1.8 m, 6 years post amputation). Prior to the study, the subject gave written
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informed consent to participate, including consent to use photos and videos. A certified
prosthetist fit and aligned the powered prosthesis, which was used in combination with
the user’s socket. All protocols for this study were approved by the University of Utah

Institutional Review Board.

Before data acquisition, we determined an appropriate location for the EMG sensor
(13E202=60, Ottobock) on the user’s residual biceps femoris (hamstring) by palpating the
back of the participant’s residual limb while we asked him to contract his residual-limb
muscles. Then, we cleaned the skin area and placed the EMG sensor following SENIAM
guidelines [20]. After the EMG sensor was placed, we set the manual gain of the sensor by
asking the subject to contract and visually inspecting that the output signal peaked between
1V and 2 V. After that, we secured the electrode to the skin with kinesiology tape and the
subject put their socket back on.

After the EMG setup was completed, the subject donned the powered prosthesis, and a
certified prosthetist adjusted the alignment as necessary. After the prosthesis was aligned,
the subject started familiarizing himself with the EMG controller. During this familiarization
phase, we adjusted two parameters of the proposed EMG controller as needed for the
subject to perform stair ascent comfortably. Specifically, we adjusted & to ensure the user
received enough flexion torque to clear the step. Moreover, we adjusted k. to provide
sufficient extension torque to climb the stair. All other parameters were set prior to the
experiment using able body biomechanics and were not tuned specifically to the subject. The
familiarization lasted about 15 minutes and was performed on a staircase with four steps.

After the familiarization period, we moved to a staircase with 11 steps and started the data
acquisition. The protocol for data acquisition included several stair ascent tests. First, we
asked the subject to climb stairs as fast and as slow as he could. Next, we asked the subject
to climb stairs at his self-selected speed, with and without a 30 Ib. backpack (13.61 kg).
Finally, we asked the subject to climb stairs backwards. Each test included two flights of
stairs with 11 steps in each flight. The subject rested between tests. All data was collected in
one experimental session that lasted less than two hours.

D. Data Analysis/Processing

Data were saved by the onboard electronics of the Utah Bionic Leg at 500 Hz and processed
offline using MATLAB. First, we filtered the data with a zero-phase fourth order lowpass
Butterworth filter with a cutoff frequency of 7 Hz. We then segmented the data from heel
strike to heel strike using the GRF signal from the onboard GRF sensor. After segmentation,
we resampled and time-normalized the data. Finally, we calculated the average knee position
and torque trajectories for each test. For some tests, we also computed the peak torque and
velocity during stance and swing phases.

[1l. Results

A. Stair Ascent at Fast and Slow Speeds

Using the proposed EMG controller, the participant was able to climb stairs step-over-step at
fast and slow speeds (Fig. 3, Supplementary Video (b)). The average stride duration was 3.9
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+ 0.2 s during slow and 1.6 £ 0.2 s during fast stair climbing. During slow stair climbing, the
average knee velocity was 216.3 £ 44.3 deg/s in stance and 272.8 + 62.0 deg/s in swing (Fig.
3). During fast stair climbing, the average knee velocity was 337.0 + 37.7 deg/s in stance and
363.8 £ 48.1 deg/s in swing (Fig. 3). Thus, the peak knee velocity increased by 55.8% in
stance and 33.4% in swing during fast stair climbing, compared to slow stair climbing.

The kinetic analysis also shows substantial differences between climbing at two speeds.
When climbing stairs at slow speed, the powered knee generated a peak extension torque of
39.6 £ 9.8 Nm in stance and a peak flexion torque of 5.7 £ 2.0 Nm in swing (Fig. 3). In
comparison, when climbing stairs at the fast speed, the powered knee generated 50.4 + 17.4
Nm of extension torque in stance and 5.5 = 1.1 Nm of flexion torque in swing. Therefore,
the extension torque increased by 27.1% during fast stair climbing compared to slow stair
climbing. In contrast, there was only a 4.4% difference in the flexion torque when climbing
stairs at a fast and slow speed. The combination of faster knee velocities and higher knee
torques resulted in marked difference in peak knee power during stance. The participant
received an average of 93.9 £ 32.5 W while climbing slowly, and 204.8 + 106.6 W while
climbing fast. Thus, the peak power increased 118.1% during fast climbing compared to
slow stair climbing.

B. Stair Ascent With and Without Added Weight

The individual was able to climb stairs at his self-selected speed without and with a 30-1b.
backpack (Fig. 3, Supplementary Video (c)). There were no visible differences in the knee
position trajectory between weight conditions. The average knee velocities during stance
and swing also had similar values both without and with added weight. During stance, the
average knee velocities were 292.1 + 62.1 deg/s without added weight and 315.1 + 37.9
deg/s with added weight, respectively. During swing, the average knee velocities were 344.8
+ 41.1 deg/s without and 318.2 + 47.0 deg/s with added weight (Fig. 3). In contrast, we
observed substantial differences in knee torque and speed during stance. Specifically, the
powered knee generated 35.6 = 7.3 Nm of extension torque without added weight and 54.3
+ 4.6 Nm with added weight. The prosthesis knee power also increased in stance from 124.3
+ 48.6 W without added weight to 220.8 + 25.0 W with added weight. Thus, the torque

and power increased in stance by 52.8% and 77.6%, respectively, when the subject carried
extra weight, compared to without added weight. Not surprisingly, the powered prosthesis
generated similar amounts of torque in swing when the weight of subject is not supported
by the prosthesis. Specifically, the flexion torque in swing was 4.8 + 1.1 Nm without added
weight and 4.2 = 0.8 Nm with added weight.

C. Backward Stair Ascent

With the proposed EMG controller, the participant was able to climb stairs backwards

(Fig. 4, Supplementary Video (d)). The comparison of forward and backward stair climbing
shows substantial differences in the knee kinematics during both stance and swing, although
the biggest difference was in swing. Specifically, in swing, the peak of the knee position
was 98.1 £ 7.8° during forward stair climbing and 71.0 + 4.4° during backward stair
climbing. Interestingly, forward strides showed a peak swing torque of 4.3 £ 1.5 Nm,
whereas backward strides showed 8.6 + 1.4 Nm of peak swing torque. Thus, in swing,
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the flexion torque was double during backward strides compared to forward strides. The
observed increase in swing torque corresponded directly with an increase in the EMG
activation when the user flexed their muscles to get enough clearance to lift the prosthesis
into the correct position to climb stairs backward. Specifically, the peak EMG was 1.6 + 0.6
V for forward strides and 3.7 + 0.3 V for backward strides (Fig. 4).

V. Discussion

A. Significance

Robotic powered prosthesis controllers need to coordinate the movements of the prosthesis
with the movements of the user to properly function in the real world. Most prosthesis
controllers attempt to coordinate with the user by reacting to the movements of the user’s
residual limb, which are detected by embedded mechanical sensors like GRF sensors and
IMUs. This approach is functional but cannot give users direct volitional control of the
prosthesis, which is necessary to replicate the function of the healthy human body.

\olitional EMG control has the potential to address this issue. However, crosstalk and
co-activation of antagonist muscles reduces the functionality and intuitiveness of existing
antagonistic EMG controllers, making them less functional and intuitive than controllers
based solely on mechanical sensors. This study suggests that amputees can learn how to
regulate their muscle activation patterns to the extent necessary for stairs ambulation [21],
but more work is necessary to specifically address learning. Other studies have shown that
volitional EMG controllers worked during non-weight-bearing activities but did not result in
viable gait controllers [12].

In this paper we show that the proposed EMG controller can provide an above-knee amputee
with direct volitional control of a powered knee prosthesis during stair climbing using a
single EMG sensor. The proposed controller enabled an above-knee amputee to directly
modulate the knee torque during both stance and swing in order to climb stairs faster

and slower, and with or without additional weight. Moreover, EMG torque control during
swing enabled the subject to correctly place the foot on the step when ascending stairs both
forwards and backwards. Thus, this study provides the first demonstration that EMG control
can enable voluntary actuation of a powered prosthesis during stair ascent.

\Voluntary modulation of knee extension torque is necessary to climb stairs under different
conditions. This study shows that by voluntarily increasing the knee extension torque
generated by the prosthesis, an above-knee amputee can climb stairs at substantially
different speeds (31 to 75 steps/min) and carry a large additional weight (30 Ibs.).

The knee extension torque generated by the powered prosthesis is voluntarily controlled by
the user through the activation of their biceps femoris. The biceps femoris is a biarticular
hamstring muscle in nonamputee individuals. However, after above-knee amputation, the
biceps femoris loses its ability to flex the knee and becomes a monoarticular hip extensor
[22]. Most importantly, the biceps femoris is naturally active during stance in stair climbing
for both non-amputees and amputees [23], when both hip extension torque and knee
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extension torque are required to counteract gravity. Therefore, users may not need to learn a
new muscle activation pattern to use the proposed EMG controller.

Voluntary modulation of knee flexion is also necessary to climb stairs under different
conditions. By controlling the amount of flexion torque as a function of EMG signal from
the biceps femoris, the proposed EMG controller enables the subject to control the position
of their prosthesis in swing, correctly placing their foot on the next step. As anticipated,

we see a large difference in EMG activations and resulting flexion torques when comparing
forward and backward climbing, with the latter being substantially larger. Interestingly,
when the subject climbed stairs forwards at different speeds (Fig. 3), we did not observe

a meaningful difference in swing knee flexion torque despite the large difference in knee
peak velocities. This result could be explained by the passive dynamics of the prosthesis
dominating this movement. In other terms, due to the combined effect of gravity and
inertial torque, climbing stairs backwards requires higher flexion torque and the subject can
voluntarily generate that torque with the proposed controller.

B. Limitations

This study shows encouraging outcomes but there are notable limitations. This study only
included one subject. Due to the large variability in residual limb length and muscle
strength after an amputation, we cannot draw conclusions about the proposed controller’s
performance with the broader amputee population. This study also lacks a biomechanical
analysis of the contralateral leg and upper body, which limits our understanding of the
effects of the proposed EMG controller on full-body motion during gait. Because this study
did not compare the proposed EMG controller to non-EMG controllers, we cannot fully
assess the benefits and drawbacks of volitional EMG control. Finally, the proposed EMG
controller can only regulate stair ascent movements. It is not clear whether other ambulation
activities can be achieved using one EMG sensor as in the proposed controller.

V. Conclusions

This study presents a volitional EMG controller for stair ascent with a powered knee
prosthesis. Experiments with one individual with an above-knee amputation show that

the proposed volitional EMG controller enables climbing stairs at different speeds, while
carrying additional loads, and even climbing stairs backward. Future work should focus on
testing with a broader population, as well as extending this direct volitional controller to
more ambulation activities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 2.
View of subject wearing the Utah Bionic Leg (left). Back view of subject with EMG sensor

location on the residual Biceps Femoris muscle (right).
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Fig. 3.

Joint kinematics for two tests. The left column compares stair ascent at slow (green) and
fast (blue) speeds with respect to time. The right column compares stair ascent with (red)
and without (blue) added weight with respect to time. The first, second, and third rows
of both columns show the knee position [deg], knee torque [Nm], and knee power [W],
respectively. The left bar graph in each column show maximum extension torque during
stance and maximum flexion torque during swing. The right bar graph in each column
represents maximum knee velocity during stance and swing. Shaded areas and error bars
denote mean + one standard deviation.
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Fig. 4.

Krgl]ee position kinematics averaged across 5 consecutive stair ascent strides. Blue represents
forward stair ascent, purple represents backward stair ascent. Grey shaded regions represent
when the foot is in contact with the ground and white shaded regions represent when the
foot is not in contact with the ground. The bottom three graphs represent, from left to right,
maximum Knee Position [deg], Flexion Torque [Nm], EMG [V]. Bar height and error bars
show mean + one standard deviation. The bargraphs are calculated only when the user’s foot
was not in contact with the ground.
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