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Abstract

Powered lower-limb prostheses have the potential to improve amputee mobility by closely
imitating the biomechanical function of the missing biological leg. To accomplish this goal,
powered prostheses need controllers that can seamlessly adapt to the ambulation activity intended
by the user. Most powered prosthesis control architectures address this issue by switching between
specific controllers for each activity. This approach requires online classification of the intended
ambulation activity. Unfortunately, any misclassification can cause the prosthesis to perform a

different movement than the user expects, increasing the likelihood of falls and injuries. Therefore,

classification approaches require near-perfect accuracy to be used safely in real life. In this
paper, we propose a unified controller for powered knee prostheses which allows for walking,
stair ascent, and stair descent without the need for explicit activity classification. Experiments
with one individual with an above-knee amputation show that the proposed controller enables
seamless transitions between activities. Moreover, transition between activities is possible while
leading with either the sound-side or the prosthesis. A controller with these characteristics has the
potential to improve amputee mobility.
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INTRODUCTION

Ambulation with conventional passive prostheses is generally slow, inefficient, and unstable
[1]. Difficulty dealing with environmental barriers such as ramps, stairs, and uneven terrain
often limits community ambulation [2]. Limited mobility negatively affects independence
and quality of life [3] in individuals with lower limb amputations and can partly explain the
high incidence of depression in this population [4]. Improved prosthesis technologies are
necessary to meet the needs of individuals with above-knee amputations.

Powered lower-limb prostheses promise to improve mobility. Using embedded actuators,
powered prostheses have the potential to replicate the biomechanical functions of the
missing biological leg [5]-[8]. To accomplish this goal, powered prostheses need controllers
that can coordinate the movements of the prosthetic joints with the user’s residual and
sound limbs, seamlessly adapting to the user’s intended ambulation activity while dealing
with the variability of the environment. Most powered prostheses aim to classify the user’s
intended ambulation activity (e.g., walking, stair climbing) in real-time, and then switch to
a controller dedicated to that specific ambulation activity [9]-[12]. This approach has shown
success in the laboratory, but translation to real-world use is an open question.

Activity classification is typically performed using machine learning. To train the machine
learning algorithms, researchers have proposed using labelled data collected while amputee
or nonamputee subjects ambulate in a laboratory environment which includes level-ground
walking, stairs, and ramps [13]. The accuracy of the classification depends on the amount
of data used for training [14], and can be improved using different kinds of sensors,
including electromyography [13], sonomyography [15], range sensors [16], or cameras
[17], in addition to prosthesis joint position and torque. Studies have shown higher than
95% offline classification accuracy. However, people take thousands of steps in a day, and
any misclassification of the user’s intended ambulation activity can cause the prosthesis to
perform a different movement than the user expects [18], increasing the likelihood of falls
and injuries. Therefore, nearly perfect accuracy is necessary for this “classify-and-switch”
approach to succeed in real life.

In this paper, we show a unified controller for powered knee prostheses that seamlessly
adapts to walking, stair ascent, and stair descent without explicit classification of the user’s
intended ambulation activity. The proposed controller continuously adapts the behavior

of the powered prosthesis based on the movements of the user’s residual thigh and the
interaction of the prosthesis with the ground. Continuous adaptation is accomplished without
making any assumptions about the user’s intended activity (e.g., walk, climb stairs) or the
characteristics of the environment (e.g., stair height). As a result, the proposed controller
does not need to classify the intended ambulation activity or switch between activity-specific
controllers. Different from previous studies, the proposed controller does not separate the
movement into discrete, sequential phases [19], nor does it use a continuous phase evolution
[20]. A controller with these characteristics may enable powered prostheses to support
natural ambulation in the community, improving mobility for individuals with above-knee
amputations. To assess the function of the proposed controller, one individual with an
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above-knee amputation transitioned between walking, stair ascent, and stair descent using
the proposed controller.

[I. METHODS
A. Unified Controller

The proposed unified controller uses a simple finite-state machine (FSM) with two states,
Contact (C) and No Contact (NC), as shown in Fig. 1(a). We use Contactand No Contact
instead of Stance and Swing because we plan to extend this control architecture to activities
which do not necessarily have Stance and Swing phases. When the axial ground reaction
force (GRF) is greater than 60 N, the FSM switches to Contact. When the GRFis less than
20 N, the FSM switches to Mo Contact. Dedicated controllers are used in Contactand No
Contact states. The transition between Contactand No Contactis defined as Toe Off. The
transition between Ao Contactand Contactis defined as Toe On. The values of knee position,
knee velocity, thigh position, and elapsed time, sampled at the transition between states, are
used to continuously adapt the prosthesis behavior.

The Contact controller defines the desired knee torque (7«...) as the sum of three components
as defined in (2).

Txnee = Tsiep-vp + Tiars + T pamping

@

The first component is the step-up torque (T's.,.s,), Which follows a bell-shaped curve
(Fig. 1(b)). The step-up torque mimics the biomechanical knee torque during stair ascent
[21], [22] and sit-to-stand transitions [23] T.,, iS adapted online similar to our stair
ascent controller [21], [22]. The position at which the knee will reach maximum torque
(02 is defined as a fixed percentage of the distance between the position of the knee at
Toe On (672") and the position of the knee at the end of the torque profile (62), following
(2). The maximum torque (Tx..) is proportional to 65", as shown in (3).

7 Max Toe-On End End
Onee: = 0.8 - (Oknee  — Oknee) + Okinee

@

Max Toe On
Tknee = 1.2 - Okinee

©)

The second component defining the desired knee torque (T«...) is the biarticular torque
(T'sar). This component provides flexion torque which increases with the measured ankle
torque (T ..), following (4).
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— Knee Thigh
Tgiare = Kiart * Kpiar = T anie

4)

The gains K. and K%' change online based on the position of the knee (6x...) and thigh
(Omie) @S shown in (Fig. 1(c—d)). K5 forces T, to zero when the user’s residual thigh is
in front of the user (i.e., negative thigh position). This action prevents the biarticular torque
from causing the knee joint to buckle during level-ground walking or stair climbing. As the
thigh moves from front to back, the value of K" increases from zero to one, enabling the
powered knee to generate flexion torque as needed to initiate knee flexion in late stance
during walking. Moreover, as the position of the knee increases, the value of K} decreases
to zero (Fig. 1(c)), preventing flexion torque from increasing indefinitely in late stance
during walking.

The third component defining the desired knee torque is the damping torque (T pammg), Which
is defined in (5).

TDamping =-B- gknee

®)

The damping coefficient (B) switches based on the velocity of the knee (ém). If the knee

is flexing (6x,.. > 0 m/s), then the flexion damping is used (B = B..). As shown in Fig.

1(e), Bx.. is a function of thigh position, and decreases from 0.15 Nms/deg to zero as the
thigh moves from in front of the trunk (6., < 0°) to behind it (6, > 0°). While the knee is
flexing, T .. Provides knee yielding (extension torque that slows the knee flexion) during
level-ground walking and stair descent. When the knee is extending (é,(m. < 0°), the extension
damping is used (B = Bs,). As shown in Fig. 1(f), B, is a function of éy,.., and increases
from zero to 0.1 Nm s/deg as the position of the knee decreases from 20° to 10°. In this
condition, Tp,.... Slows down the knee by providing positive flexion torque when the knee is
close to full extension, reducing the impact when the knee joint reaches the mechanical end
stop.

The No Contact controller defines the desired knee position (8.’ as the sum of two
components, as shown in (6).

Desired
Oknee " = Ortg + (Ksyn - Osyn)

(6)

The first component is a minimum jerk trajectory (6,,,), calculated as in our previous work
[19], [24], [25]. As shown in Fig. 1(g), given 65.>" and a desired movement duration
Time,,[s], the proposed controller calculates a trajectory that minimizes the changes in
acceleration. Time,,, is proportional to the duration of the previous Contact state.
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The second component defining the desired knee position (8z..*") is based on a synergistic
movement of the thigh and knee (6s,,). This synergy is captured by a linear relationship
between the thigh position and the knee position, as defined in (7) and shown in Fig. 1(h).

95;-»1 = — 1.1 Okpee

O

0s,, Is multiplied by an adaptive gain (Ks,,), which varies between zero and the sum of two
terms as shown in (8).

Ksyn = K$y + AKs,,

®)

K$,, depends on 65.> (Fig. 1(i)). AKs,, ensures that K, is continuously adapted during

the No Contact state. AK,, is initialized at zero every time the FSM transitions to Ao
Contact. AKs,, is then updated at every control iteration (n) using two algorithms to account
for changes in the user’s movement during the Ao Contact state. The first algorithm
determines that when the user’s thigh is in front of them, AKj,, decreases as follows: If
—35" < O < — 10° aNd By, > — 50 m/s2, then AK,,(n + 1) = AKs,,(n) — 0.008. The second
algorithm ensures that AK,, increases when the thigh is farther in front of the user as
follows: If 6y, < — 35 and By, < — 20 m/s2, then AK,,(n + 1) = AKg,,(n) + 0.016.

B. Powered Prosthesis

For this study, we used a modified version of the Utah Bionic Leg [8] combining the tah
ionic Leg’s powered knee module with a modified Ottobock Taleo ankle/foot prosthesis,

as seen in Fig. 2(a). The powered knee module is a lightweight (1.6 kg), powered knee
prosthesis that can actively generate torque and power during ambulation using a novel
torque-sensitive actuator [26]. The Ottobock Taleo is a lightweight, carbon fiber ankle/foot
prosthesis, capable of storing and returning energy during walking. For this study, we retrofit
the Taleo with a custom GRF sensor made of titanium [27]. The titanium GRF sensor was
connected to the carbon fiber using a custom aluminum part bolted to the carbon fiber. The
weight of the device in the experimental configuration is 3.3 kg.

C. Experimental Protocol

We recruited one subject with a transfemoral (above-knee) amputation (30-year-old, male,
65 kg, 1.7 m, 9 years post-amputation). The subject had prior experience with the prosthesis
and the proposed controller. Prior to the study, the subject provided written informed consent
to participate, which included written consent to use photos and videos. All protocols for
this study were approved by the University of Utah’s Institutional Review Board.

After the powered prosthesis was properly aligned and fit, the subject familiarized himself
with the powered prosthesis and the experimental protocol for about 15 minutes. The subject
was able to comfortably walk and ascend/descend stairs using standard control parameters
previously determined with pilot studies using a bypass adapter. However, we fine-tuned two
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control parameters to better match his subjective preference. Specifically, we reduced By,
from 0.5 Nm s/deg to 0.15 Nm s/deg to decrease the knee resistance during stair descent and
more closely match what the level of resistance that subject was used to with his prescribed
prosthesis. Moreover, we increased the addendum in the equation that defines AKj,(n + 1)
from 0.008 to 0.016 to allow for a faster knee extension when the subject starts walking
from a standing position with the prosthesis-side first.

After familiarization, the subject rested for about 10 minutes. Then, data collection began.
The experimental protocol required the subject to walk for two steps on level ground, climb
a staircase with four steps, walk two steps on an elevated platform, turn around, walk two
steps on the elevated platform, descend the same staircase, and walk two steps on level
ground. First, the subject was asked to perform the sequence five times using his sound
side to climb the first stair, referred to as “sound-side first”. Next, the subject was asked to
perform the sequence five times using his prosthesis to climb the first step, referred to as
“prosthesis first” (Fig. 2(b)).

D. Data Acquisition and Processing

Data from the Utah Bionic Knee was saved at 500 Hz and processed offline using
MATLAB. We filtered the raw data using a Butterworth filter with a cutoff of 8 Hz. We
calculated joint velocities offline and filtered them with a 10 Hz Butterworth filter. We
manually segmented the data into strides, defined from heel strike to heel strike on the
prosthesis side. We analyzed the data in sequences of consecutive strides, each containing
four strides: a walking stride, a transition stride, a stair ascent or stair descent stride, and a
final walking or transition stride. The sequences are defined by the side used to climb the
first step (“sound-side first” or “prosthesis first”), and whether the subject was ascending or
descending the stairs (“walk-stair ascent-walk” or walk-stair descent-walk”. Each sequence
was repeated five times, and we selected the last three repetitions of each sequence for
analysis in order to give the subject an opportunity to practice the walking sequence before
actual data acquisition. For each sequence, we time-normalized and resampled each stride to
2,000 data points, and then calculated the time-average of the three repetitions.

RESULTS

The proposed unified controller enabled the subject to seamlessly transition between level-
ground walking, stair ascent, and stair descent, leading either with their prosthesis or sound-
side (Supplementary video). Visual inspection of the prosthesis kinematics and kinetics
(Fig. 3) show substantial differences between the different sequences. These differences are
discussed in the following subsections.

A. Walk — Stair Ascent — Walk

Focusing on the walk-stair ascent-walk sequence, we can see that the first stride for both
prosthesis-side first (Fig. 3(a)) and sound-side first (Fig. 3(b)) is a purely walking stride.

At Toe On (the transition between No Contactand Contaci), the knee is fully extended

(Okuee ~ 0°). Therefore, the Ts,, ,, Stays close to zero throughout Contact. As the user rolls
over the prosthesis, the thigh moves from in front of the trunk (.., < 0) to behind the trunk
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(6mier > 0) and the ankle/foot prosthesis is loaded in plantarflexion (T,,.. > 0). As a result,
T sian INCreases while T,,,,... 90€s to zero, causing the knee to flex in late stance. Due to

the relatively high knee angle at Toe Of f (the transition between Contactand No Contaci
and the low absolute value of the thigh angle in swing, the synergy gain (Ks,,) stays close
to zero for the whole duration of swing. However, a minimum-jerk trajectory is generated
at Toe Of f, which allows for adequate clearance during swing and drives the knee to full
extension in preparation for the subsequent heel strike.

The second stride in the walk-stair ascent-walk sequences (Fig. 3(a—b)) is a transition

stride between walking and stair ascent. This transition stride shows some meaningful
differences between prosthesis first and sound-side first. When leading with the prosthesis
side (Fig. 3(a)), the knee kinematics and kinetics during stance resemble those observed in
the purely walking stride (described in the previous paragraph). In contrast, in swing, both
the minimum-jerk (6,,,) and the synergy (6s,,) terms affect the knee kinematics. Specifically,
as 0,,, decreases and 6s,, increases, keeping the knee flexed at a measured ~66° during No
Contactto prepare for climbing the next step. When leading with the sound-side (Fig. 3(b)),
the prosthetic knee joint remains fully extended during stance, with no biarticular, step-up or
damping torque being generated. In swing, 6,,, remains close to zero, while 4s,, increases as
the thigh angle decreases, driving the knee position to a measured 81° of flexion to prepare
for climbing the next step.

The third stride in the walk-stair ascent-walk sequence (Fig. 3(a—b)) is a stair ascent stride.
This third stride is quite similar when leading with the prosthesis and the sound-side. As
the subject climbs the stair in Contact, the knee goes from flexed at ~56° to fully extended.
T s.pu, 1S the main factor in driving the knee extension, peaking at ~—60 Nm, for both
prosthesis and sound-side first. Moreover, as the knee gets closer to full extension, T,
provides a positive flexion torque, peaking at ~28 Nm, which slows down the knee before it
reaches full extension. In contrast, T, stays close to zero for the whole stance duration. In
swing, 6, is close to zero and 6s,, increases, driving the knee position to 85° of flexion to
prepare for climbing the next step.

Finally, the fourth stride in the walk-stair ascent-walk sequence (Fig. 3(a—b)) is a transition
stride between stair ascent and walking. For both prosthesis and sound-side first, stance
resembles the non-transition stair ascent stance described in the previous paragraph (third
stride). In contrast, swing differs substantially from previous strides. When leading with the
prosthesis side, swing starts with éy,.. close to zero. During swing, 8,,, stays close to zero. In
contrast, 6s,, changes as the thigh moves, first generating knee flexion to clear the step, and
then knee extension, as needed to prepare the prosthesis for the next step. When leading with
the sound-side, swing resembles a purely walking stride, with the minimum-jerk defining the
knee movement.

B. Walk — Stair Descent — Walk

The first and last stride in the walk-stair descent-walk sequences (Fig. 3(c—d)) are purely
walking strides for both prosthesis and sound-side first. The knee position and torque for
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these walking strides are virtually identical to the ones described for the first strides in the
walk-stair ascent-walk sequences.

The second and third strides in the walk-stair descent-walk sequences are purely stair
descent strides, regardless of the leading side. In stance, the leading knee is initially close to
full extension (6x... ~ 0). As the subject loads the powered prosthesis, the knee starts flexing,
peaking at ~82° at Toe O ff. As the knee flexes, the flexion damping provides variable
resistance to the movement, peaking at ~33 Nm. As the knee velocity at the end of stance

is zero, the flexion damping torque is also zero. T, and T, ., remain zero for the whole
stance duration. In swing, é,.. starts at a relatively high flexion angle (~82 deg) and ends in
an extended position. While 8,,, goes to zero, 6s,, initially increases, then decreases, causing
the knee to extend slower than it would have without the contribution of os,,.

IV. DISCUSSION

A. Significance

Powered prosthesis controllers need to quickly and seamlessly adapt to different ambulation
activities in order to function in the real world. Most prosthesis controllers aim to address
this issue by switching between activity-specific controllers based on the user’s intended
activity. However, this approach requires a perfect classification of the intended ambulation
activity, which may not be achievable in the real world. In this paper, we propose a unified
control approach based on continuous adaptation of the prosthesis to the movement of

the user’s residual limb and the interaction of the prosthesis with the ground. Our results
show that the proposed unified controller can seamlessly adapt to walking on level ground,
stair ascent, and stair descent without explicitly classifying the user’s intended ambulation
activity. Moreover, our experiments show that the proposed unified controller enables a
subject to transition between these different ambulation activities while leading with either
their prosthesis or their sound side. Thus, this study provides the first demonstration of a
unified walking/stair controller for powered knee prostheses to the best of our knowledge.

Level-ground walking, stair ascent, and stair descent require different torques at the knee
joint. During ground contact in the proposed unified controller, the desired torque is the sum
of three components: T, vy T pampings @3N T3 These three components are added together
for all activities. However, they are not constant and change continuously based on the knee
and thigh movements. As a result of this continuous adaptation, the T, primarily extends
the knee during stair ascent but has little-to-no effect in stair descent and walking. T s
produces the necessary knee yielding in stair descent but does not hamper knee flexion in
walking. T, initiates knee flexion during level-ground walking but does not do so during
stair descent when extension torque is needed instead. Therefore, our results show that
continuous adaptation provides the required torque for all these ambulation activities without
knowing which one is being performed.

Ambulation on level-ground and on stairs requires a specific movement of the knee when
the foot is in Mo Contact. The proposed unified controller generates swing movements by
combining minimum-jerk programming (6,,,) and a bioinspired thigh-knee synergy (6s,,). A
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minimum-jerk trajectory is generated every time the prosthetic foot is lifted from the ground
and the endpoint of this trajectory is always zero—a fully-extended knee. However, due to
the nature of minimum-jerk programming, the position trajectory stays close to zero when
the knee angle at Toe Of f is close to zero, like in a purely stair ascent stride or when
shuffling. In contrast, 6s,, changes continuously based on the knee and thigh position. This
desired knee trajectory due to 6, is critical for stair ascent and has a substantial effect on
stair descent. Interestingly, it does not affect a purely walking stride, but fully determines
the knee movement in a stair-ascent-to-walking transition stride. Thus, our results show
that the proposed controller enables modulation of the swing trajectory as necessary to
accommodate variations both within- and between-ambulation activities while allowing for
seamless transitions.

B. Limitations

There are some limitations to consider when interpreting the results of this study. The

most important limitation is that only one subject was involved in the study. Therefore,

we do not know if the proposed controller works for other amputee subjects. Moreover,

we did not compare the prosthesis kinematics and kinetics with nonamputee datasets.
Therefore, we do not know if the proposed controller restores normative gait. Adapting

the controller parameters to the personal preferences of the subject in this study took less
than five minutes, but it may take longer for other subjects. In some strides, there is a visible
difference between the measured and the desired knee position. This result is due to the fact
that we kept the gains of the position controller quite low (P=0.3 Nm/deg, | = 0; D=0.004
Nm s/deg) to leverage the passive dynamics of the knee prosthesis in order to maximize
safety and efficiency. However, higher PID gains may produce better results. The testing
environment was standardized. There is significantly more variability in the real-world and
this controller needs to be tested in a hon-standardized environment. Finally, we did not
perform any stability analysis.

V. CONCLUSION

This study introduces the first unified controller for ambulation on level-ground and

stairs with a powered knee prosthesis. Experiments with one individual with above-knee
amputation show that the proposed unified controller allows for nearly seamless transitions
between walking, stair ascent, and stair descent without using explicit classification.
Because there is no classifier involved, there is no possibility of misclassification, which
may lead to safer ambulation in the real world. Future work should focus on testing on a
broader population as well as extending this unified controller to more activities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Controller Diagram. (2) State controller based on ground reaction force. (b) Step up torque
as a function of knee position. (c) The biarticular gain of the knee as a function of the
position of the knee at Toe On. (d) The biarticular gain of the thigh as a function of

the position of the thigh at Toe On. () The flexion damping coefficient as a function of

thigh position. (f) The extension damping coefficient as a function of knee position. (g)
The minimum jerk trajectory with respect to time for multiple initial velocities and knee
positions. (h) The relationship between knee position and thigh position. (i) The initial

synergy gain as a function of knee position at Toe Off.

Rep U S. Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Cowan et al. Page 13

Utah Bionic Knee

Pylon

GRF Sensor

Custom Adapter

Carbon Fiber
Foot/Ankle

(a) (b)
Fig. 2.

(a) The Utah Bionic Knee with the modified Taleo Ankle/Foot prosthesis. (b) A still-frame
of the subject during prosthesis first stair ascent wearing the Utah Bionic Knee.
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Experiment results. The top row of each subplot represents knee joint position data. The
bottom row of each subplot represents knee joint torque data. Each stride contains a Contact
(gray) and No Contact (white) section. (a) Prosthesis First: Walk-Stair Ascent-Walk. (b)
Sound-Side First: Walk-Stair Ascent-Walk. (c) Prosthesis First: Walk-Stair Descent-Walk.
(d) Sound-Side First: Walk-Stair Descent-Walk.
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