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Powered Knee and Ankle Prosthesis With Adaptive
Control Enables Climbing Stairs With Different
Stair Heights, Cadences, and Gait Patterns

Sarah Hood ', Lukas Gabert

Abstract—Powered prostheses can enable individuals with
above-knee amputations to ascend stairs step-over-step. To accom-
plish this task, available stair ascent controllers impose a prede-
fined joint impedance behavior or follow a preprogramed position
trajectory. These control approaches have proved successful in
the laboratory. However, they are not robust to changes in stair
height or cadence, which is essential for real-world ambulation.
Here, we present an adaptive stair ascent controller that enables
individuals with above-knee amputations to climb stairs of varying
stair heights at their preferred cadence and with their preferred
gait patterns. We found that modulating the prosthesis knee and
ankle position as a function of the user’s thigh in swing provides
toe clearance for varying stair heights. In stance, modulating the
torque-angle relationship as a function of the prosthesis knee
position at foot contact provides sufficient torque assistance for
climbing stairs of different heights. Furthermore, the proposed
controller enables individuals to climb stairs at their preferred
cadence and gait patterns, such as step-by-step, step-over-step, and
two-step. The proposed adaptive stair controller may improve the
robustness of powered prostheses to environmental and human
variance, enabling powered prostheses to more easily move from
the lab to the real world.

Index Terms—Amputation, biomechanics,
prosthetics, prosthesis, robotic leg.

gait, powered

I. INTRODUCTION

ONVENTIONAL knee and ankle prostheses cannot pro-
C vide net-positive energy [1], which is necessary to propel
the body forward and upward during ambulation [2]. Addition-
ally, they cannot actively control the joint movements, which is
critical, for example, to achieve toe clearance in swing [2]. While
walking, individuals with an above-knee amputation make up
for the deficiencies in their passive prostheses by performing
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undesirable compensatory movements with their residual limb,
intact leg, and upper body [3]-[5]. Unfortunately, these com-
pensatory movements are insufficient for most users to ascend
stairs step-over-step [4]-[6]. As a result, individuals with a
conventional passive prosthesis commonly ascend stairs using a
slower and less efficient step-by-step gait pattern, leading each
step with their intact leg [4]-[6]. With this step-by-step pattern,
the intact leg and upper body perform all the effort required to
climb the step, which requires significant strength and endurance
[3], [7]. Moreover, the residual limb hip joint needs to extend
and circumduct unnaturally for the passive prosthesis to clear
the step during swing as the prosthetic knee joint cannot flex
as the biological leg would [8]. This residual limb extension is
often difficult due to muscle contractures [9] further challenging
the user’s balance [10]. Improved prosthesis technologies are
needed to enable individuals with above-knee amputations to
ascend stairs more naturally.

Powered prostheses [11] have the potential to imitate the
biological leg biomechanics during stair ascent [12], [13]. A
powered prosthesis can propel the body upward by injecting
positive energy when the prosthetic foot is in contact with
the step (i.e., stance phase). Also, a powered prosthesis can
ensure adequate clearance with the step and correctly place the
prosthetic foot in preparation for the next step to be climbed
by actively controlling the joint movements when the prosthetic
foot is off the ground (i.e., swing phase). Because climbing taller
stairs requires larger net-positive energy and higher joint torque
than climbing smaller stairs [12], the torque generated by the
prosthesis in the stance phase must be adapted to the stair height.
In addition, different stair heights or variations in gait patterns
require the prosthesis to change the swing movement trajectory
so that proper clearance and foot placement on the step can be
achieved. Thus, powered prosthesis controllers must be robust
to variability in stair geometry, gait pattern, and gait cadence to
enable ascending stairs in the real world.

Experimental studies have shown that powered prostheses
can enable individuals with an above-knee amputation to as-
cend stairs step-over-step [14]-[22] resulting in improved stair
ambulation speed and reduced metabolic effort compared to
using a conventional passive prosthesis [19]. However, available
stair ascent controllers are designed to produce a predefined,
fixed action of the powered prosthesis [15], [17], which must
be manually tuned for each subject and staircase [23]. Thus,
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Fig. 1.

Swing Controller. (a)(d) Express the relationship between the (a) thigh position, (b) thigh velocity, and (c) and (d) thigh vertical acceleration for the

powered prosthesis knee joint desired position. (e)—(g) Express the relationship between the (e) thigh position, and (f) and (g) thigh vertical acceleration for the

powered prosthesis ankle joint desired position.

if a user attempts to climb a taller step than the one the stair
controller was tuned for, the prosthesis may not provide enough
clearance, the prosthetic foot may hit the step riser, and the user
may trip and fall. Even if the step is cleared by the user through
hip circumduction and sound-side vaulting, the prosthetic foot
may not lay flat on the step. So, when the prosthetic knee starts
generating torque as necessary to climb the step, the subject
may be pushed backward rather than upward, potentially causing
the user to fall. Similarly, the amount of energy injected by the
prosthesis when climbing the step may be too large or too small,
if a shorter or taller step is taken compared to the tuning step. We
need powered prosthesis controllers that automatically adapt to
the variability of stair height encountered in the real world.

In this article, we propose an alternative control strategy
for a powered knee and ankle prosthesis to ascend stairs with
varying stair heights, cadences, and gait patterns. Specifically,
we propose modulating the prosthesis knee and ankle position in
swing as a continuous function of the user’s thigh position, thigh
velocity, and vertical acceleration of the prosthesis. In addition,
we propose modulating energy injection in stance using a con-
tinuous adaptation of the knee joint torque—angle relationship
as a function of the prosthesis knee position when the prosthetic
foot contacts the step. Previous studies have proposed using the
orientation of the residual limb as a proxy for the gait phase to
produce the desired prosthesis trajectory in level-ground [24]
and inclined walking [25]. In contrast, we propose changing the
swing trajectory online during stair ambulation. We hypothesize
that such a continuous modulation of stance energy and swing
trajectory will enable individuals with above-knee amputations
to climb stairs of different heights at different cadences and to
seamlessly transition between different stair climbing strategies,
such as step-by-step, step-over-step, and two-step. We will
test this hypothesis by asking an individual with a unilateral
above-knee amputation to ascend stairs of different heights using
different gait patterns at their self-selected speed. We expect a
stair controller with these characteristics to facilitate translating
powered prostheses to real-world use.

II. ADAPTIVE STAIR CONTROLLER

The biomechanical analysis of nonamputee subjects and pilot
testing with the powered prostheses showed that the knee flexion
angle increases with the hip flexion angle during swing, when the
foot is off the ground. Moreover, faster hip flexion movements
result in higher knee flexion angles. The preliminary analysis
also showed that the hip joint does not initially flex during the
early swing while the knee flexes. However, during early swing,
the residual hip joint (i.e., prosthesis side) moves vertically
(without rotating), which allows the foot to clear the first step.

To capture the behavior of the biological leg, in Swing, we use
a position controller that continuously adapts the desired angles
of the knee joint (%,) and ankle joint (A%,.) based on the
movements of the user’s thigh (i.e., residual limb). Specifically,
the desired angle of the knee joint (¢#53.) is defined as the sum
of three terms (6, ) determined as shown in the following
equations and graphlcally represented in Fig. 1(a)—(d):
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The first term (93;;1) is proportional to the orientation of the
user’s thigh with respect to gravity (finign) provided a predefined
threshold (Q,h,gh) is exceeded as defined in (1) and shown in
Fig. 1(a). The second term (Gkneez) is proportional to the positive
angular velocity of the user’s thigh (élhigh) as defined in (2)
and shown in Fig. 1(b). Thus, using (1) and (2), the proposed
Swing controller captures the dependence of the biological knee
joint angle to the angle and velocity of the hip joint observed in
nonamputee biomechanics.

The third term determining the desired knee position in Swing
(8&;3) depends on the vertical acceleration of the user’s thigh
with respect to gravity (#jmign). As defined in (3) and shown
in Fig. 1(c), a constant (k™) is subtracted from the thigh
acceleration (%jnign) before calculating the double integral. The
result of the double integration is multiplied by a nonconstant
factor (k%"e). This multiplication factor changes as a function
of the thigh orientation (finien) as shown in (4) and Fig. 1(d).
Specifically, the multiplication factor (kK§"°) is kept constant
(ko krlee) until the thigh orientation (fign) exceeds a certain
threshold (Glhlgh) Above this thigh threshold, the multiplica-
tion factor (k5™°) decreases linearly, reaching zero when the
thigh orientation equals the thigh threshold plus 5° (Sﬁugh + 5°),
Fig. 1(d). So, the multiplication factor (k¥"°¢) works as a linear
gain that decreases as the thigh orientation angle increases after
a certain thigh threshold is exceeded. Thus, the proposed Swing
controller captures the initial vertical movement of the hip and
translates that movement into a desired flexion of the prosthesis
knee joint as defined in (3) and (4). The prosthesis knee flexion
resulting from (3) and (4) enables the prosthetic foot to clear the
step in early swing.

The desired angular position of the ankle joint (655, ) in Swing
is the sum of two terms. The first term (625, ) depends on the
thigh position as defined in (5) and shown in Fig. 1(e). This term
is zero for thigh angles lower than zero. When the thigh angle
is between 0° and 20°, the desired ankle angle is proportional to
the thigh orientation angle. For thigh angles greater than 30°, the
desired ankle angle is equal to the shank orientation angle, so that
the prosthetic foot can remain perpendicular to gravity and stay
parallel to the ground/step. For thigh angles between 20° and 30°,
the desired ankle angle is linearly decreased from 20° degrees
to the ankle angle required to match the shank angle at 30°. The
second term of the desired ankle angle (6o, ) depends on the
vertical acceleration of the user’s thigh with respect to gravity
(Ztnign) similarly to the knee joint, although ankle-specific gains
are used as described in (6) and (7) and shown in Fig. 1(f)
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Fig. 2. Stance Controller. (a)~(b) Relationship between the knee position at
the start of stance with respect to both the peak knee torque, and the knee position
at peak torque. (c) Desired torque as a function of the knee positions for the knee
joint during stance.
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In Stance, we use a torque controller that increases the as-
sistance provided to the user by the powered prosthesis pro-
portionally to the step height. Similar to our previous studies
[17], [26], [27], we define the desired knee torque in Stance
as a continuous function of the knee position, imitating the
quasi-stiffness shape of the intact biological leg [12]. Differently
from our previous work, the desired torque—angle relationship
is not fixed but changes as a function of the knee position
when the controller switches from Swing to Stance (62...). The
proposed torque modulation is based on a heuristic algorithm
inspired by nonamputee biomechanics. As shown in Fig. 2(a),
the peak knee torque changes as a function of the measured
knee angle at the transition between Swing and Stance (62,..),
which is an indicator of the stair height and is determined by
the Swing controller. The knee angle at which the peak knee
torque is generated (Gk =) also changes with the measured knee
angle at the transition between Swing and Stance (62..) as
shown in Fig. 2(b). The desired torque is then encoded in the
controller using a bidimensional look-up table (see Fig. 2(c)) for
maximum computational efficiency. An impedance controller is
used if the measured knee angle exceeds the knee angle at the
transition between Swing and Stance (62,..). This impedance
controller responds to any movements of the knee joint in the
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Fig. 3. Block diagrams of the (a) finite-state machine, (b) mid-level position controller, (c) mid-level impedance controller, and (d) low-level torque controller.

flexion direction, providing additional stability in Stance. With
the proposed adaptive controller, larger knee extension torque
is produced when the powered prosthesis transitions between
Swing and Stance at a larger knee flexion angle, ultimately
injecting higher mechanical energy into the stair-climbing cycle.
Moreover, if the powered prosthesis transitions between Swing
and Stance with the knee fully extended, for example when the
user shuffles around with no intention to climb a step, the desired
torque is defined solely by the impedance component, which
stabilizes the knee joint and prevents it from collapsing under
the user’s body weight. Thus, the proposed Stance controller
adapts the desired knee torque and energy injection to the stair
height while giving the user freedom to take the step at their
preferred cadence.

The ankle behavior during Sfance is defined using an

Aaedance controller with an adaptive virtual equilibrium angle

(65Q,.). Due to the adaptive nature of the Swing controller, the
angles of the powered ankle and knee joints at the transition
between Swing and Stance (i.e., 69, 65...) are not fixed but
change as a function of the user’s thigh orientation and accel-
eration as defined by (1)—(7). Thus, at the transition between
Swing and Stance, the equilibrium angle of the ankle (éifﬁle)
is set to the measured ankle angle ( 00, = 6¥). Then, the
equilibrium angle of the ankle changes linearly with the knee
position as defined by the following equation, where 62, . and
6 .. are the angle of the ankle and knee joint, respectively, at
the transition between Swing and Stance:

6 nee
6fﬁe = 95 (gknee
ankle

With the proposed Sfance controller, the powered ankle joint
moves from whatever its initial angle is when the prosthetic
foot contacts the step (6° nkle) t0 @ neutral position (i.e., 0°) as
the powered knee joint extends from its measured angle when
the prosthetic foot contacts the step (fg,..) to zero (i.e., fully ex-
tended position). Thus, the powered ankle can contribute positive
power to the Stance movement. At the same time, if the subject
shuffles around without taking a step, the ankle stays in a neutral
position while providing compliant support to help the user
balance while standing. The knee flexion to ankle dorsiflexion
ratio defined in (8) is inspired by the biomechanical analysis
of nonamputee subjects climbing stairs with different heights,
gait patterns, and cadences as well as from the biomechanical

) 8)

analysis of individuals with an above-knee amputation using our
previous, nonadaptive stair ascent controller [28].

The proposed controller uses a finite-state machine with two
states (i.e., Stance and Swing) to transition between the two
controllers (see Fig. 3(a)). When the ground reaction force
(GREF) is lower than a predefined threshold (GRFSwmg, Table I)
the stair controller is in .S‘wmg Whenever the GRF is higher than
a fixed threshold (GRFIES | Table I), the prosthesis controller
transitions from Swing to Stance.

The desired torque or angle defined by the Stance and Swing
controllers are enforced by a dedicated low-level controller using
a hybrid feedforward/feedback approach. During Swing, closed-
loop position controllers (see Fig. 3(b)) are used to impose
the desired joint angles at the ankle and knee joints. For each
powered joint, the closed-loop position controller takes as input

the desired angle ( dcﬁsm) and compares it to the measured angle

(éjoim), which is estimated using a complementary filter. The
angle error (f,,,) is fed to a PID controller that determines the
desired torque command (Z;g;y ). In Stance, the ankle joint uses
a virtual impedance controller [11], [18] (see Fig. 3(c)) with
predefined stiffness and damping parameters (K, B) to define
the desired torque command (Tjoml) Also, in Stance, the knee
controller defines the desired torque command (’_I"Jgf;l) using the
approach shown in Fig. 3. The desired torque command is then
sent to a low-level torque controller (see Fig. 3(d)).

The low-level torque controller comprises a feedforward
command based on the position-dependent transmission ratio
(RR(#)). In addition, two compensators are used to reduce the
apparent impedance (i.e., viscosity and inertia) of the trans-
mission system improving the fidelity of the virtual impedance
controller [20]. The first one (i.e., G'g(s) - B,y) takes as input
the motor position and generates an online estimate of the
viscous torque due to the linear actuator. The second one takes as
input the motor position and computes a scaled and low-pass fil-
tered estimate of the transmission inertia (i.e., G(s) - Ieq). The
performance of the proposed low-level controller was validated
in our previous study [29].

ITII. POWERED KNEE AND ANKLE PROSTHESIS

For this experiment, we used the Utah Lightweight Leg.
This powered knee and ankle prosthesis can generate biolog-
ically appropriate torque and power during ambulation while
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fitting within the first percentile male leg profile [17]. The
Utah Lightweight Leg weighs ~2.7 kg including battery and
protective covers—approximately half of the similar powered
prostheses [20].

The ankle—foot module uses a compact, lightweight powered
polycentric design, which is contained within a commercially-
available foot shell [30], [31]. The powered polycentric mecha-
nism is connected to custom carbon-fiber feet of different sizes
to accommodate different subjects. The knee module uses an
actively variable transmission [16], [32] to optimize the effective
transmission ratio and leg dynamics for different locomotion
tasks. In addition, the knee module contains the battery, control
electronics, and motor drivers for both the knee and ankle joints
[17]. The knee and ankle modules connect with a standard
30-mm pylon allowing for height and intra-extra rotation ad-
justments. A custom instrumented pyramid adapter is located at
the top of the ankle module to estimate the GRF and torque [33].

The Utah Lightweight Leg is equipped with position sensors
at the knee and ankle joints as well as at the motor shafts. Three
9-DOF IMUs (MPU9250, Invsense) sense the movements and
the orientation of the foot, shank, and thigh segments in space.
The 3-D printed protective covers host the Li-Ion battery (2500
mAh, 6S) and the onboard system-on-module (MyRio 1900,
National Instruments). The system-on-module runs all control
algorithms in real-time at 500 Hz while interfacing with all the
embedded sensors and the servodrivers for the knee and ankle
modules. The system-on-module can be connected through Wi-
Fi to a host computer or smartphone for data monitoring and con-
troller tuning. The system-on-module is programed in Labview
(National Instruments). More details on the implementation and
benchtop testing of the proposed controller can be found in our
previous work [16], [30]-[32].

IV. HUMAN EXPERIMENTS
A. Subject Information

One subject with an above-knee amputation was recruited to
participate in the study. Before the study took place, the sub-
ject provided written informed consent to participate, including
written consent to use photos and videos of the experiment for
dissemination purposes. The subject is 27 years old, weighs 65
kg, is a 1.7-m-tall male, and has had an above-knee amputation
for 6 years. The subject had prior experience with this powered
prosthesis through participation in other studies. However, he did
not have prior experience with the proposed controller. All study
protocols were approved by the University of Utah Institutional
Review Board.

B. Experiment Preparation

The experiment preparation took place before data collection.
The subject donned the Utah Lightweight Leg [17], [30], which
is a fully powered, modular, and self-contained knee and ankle
prosthesis. A certified prosthetist adjusted the build height of the
prosthesis using a standard pylon and ensured proper alignment
of the knee and ankle joints. After the prosthesis fitting was
completed, the subject donned an IMU-based motion capture
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TABLE 1
ADAPTIVE SWING CONTROL PARAMETERS

Parameter Value Fixed/tuned
k deg
ke 1.67 o
ankle 0.75 %9
! aeg Tuned
kf-m‘-’ 2000 g
ankl s
k:' gsisie 1500 =
kknee 0.02s
Jekmee 1.05¢g
kgnkie 1.05¢g i
o7Hs 10 de Fixed
thigh £
GRFZEES ., 120N
GRELGg 40N

system [34] (MTw Awinda, Xsens). Eight sensors were placed
on the subject. Two sensors were placed on the top of each
foot, two on each shank just below the knee joint, two on the
outside of each thigh, one in the center of the lower back, and
one sensor on the sternum. Then, the motion capture system was
calibrated to the subject. The calibration protocol consisted of
having the subject stand still for 5 s, take 3 strides forward, turn
around, take another 3 strides, and return to the original standing
position [34]. After the system calibration was successfully com-
pleted, the subject practiced climbing stairs with the proposed
controller for about 15 min on both the 4-in and 7-in staircase.
During practice, the controller parameters were fine-tuned by
the experimenter based on the subject’s preference. The whole
experiment preparation lasted about 30 min. About 15 min for
prosthesis fitting and motion system calibration, and about 15
min for controller tuning and practice.

The proposed controller relies on a series of bioinspired
curves (see Figs. 1 and 2), modulated using several coeffi-
cients and parameters. Specifically, there are 10 parameters in
the controller. The initial values of these 10 parameters were
determined through simulations and pilot tests with nonam-
putee subjects using a bypass orthosis. During the experiment
with a subject with an above-knee amputation, four parameters
(ke fpgnkle - pOknee - pO.ankley were tuned using the protocol
described below while the other six parameters were kept con-
stant. To tune the controller, we first asked the subject to place
the prosthesis on the step in front of them without climbing it.
With the prosthesis on the step, we fine-tuned £5"° and k3" to
achieve a natural, comfortable posture while making sure that the
prosthesis shank was slightly tilted forward, and the prosthetic
foot was flat on the step (see Fig. 4). Then, we asked the subject
to climb the staircase step-by-step, leading with the sound side.
As the subject climbed the steps, we fine-tuned ky' “"*° and
kS 2™ making sure that the powered prosthesis cleared the
steps. Finally, we asked the subject to climb stairs step-over-step
and verified the controller. The whole tuning procedure was
performed on the 7-in staircase only. Table I shows the final
values of all the control parameters, specifying fixed and tuned
parameters. Specifically for the tuned parameters, all values have
a sign constraint greater than zero.
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Fig. 4. Subject climbs stairs with the Utah Lightweight Leg. 4-in stairs on the
left, 7-in stairs on the right. Step-by-step and step-over-step gait patterns are
shown on top, two-step gait pattern is shown on the bottom.

C. Experimental Protocol

After the experiment preparation was completed, the subject
performed the experimental protocol for data collection. The
subject was asked to ascend two staircases of four steps, each
with three different gait patterns. The first staircase is the max-
imum ADA compliant step height of 7 in (18 cm), the second
staircase is the minimum ADA compliant step height of 4 in (10
cm) [35]. First, the subject used the step-over-step gait pattern,
which is the most common way to climb stairs for nonamputee
individuals. When climbing stairs step-over-step, each foot is
placed one step above the other foot. Then, the subject used
a step-by-step gait pattern. When climbing stairs step-by-step,
the leading foot is placed one step above, and the following
foot is brought to match on the step of the leading foot. Finally,
the subject used a two-step gait pattern, which is less common
and mostly used when in a hurry. When climbing stairs with
the two-step gait pattern, the leading leg is taking two-steps at
a time and the following leg is brought to match that step. The
subject performed five ascents for each gait pattern and staircase.
The subject was asked to climb the staircase at the preferred
cadence. Thus, the protocol tested all possible combinations of
gait patterns and stair heights while leaving the gait cadence up
to the user’s preference.

Data acquired from the motion capture systems and the
sensors embedded in the powered prosthesis were processed
offline. The motion capture system provides the kinematics of
the ankle, knee, and hip joint, the orientation of the leg segments,
and the cartesian-space position of the toe, ankle, knee, and
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hip joints for both the prosthesis side and the sound side. The
powered prosthesis provides the kinetics and kinematics of the
prosthetic ankle and knee joints. Data recorded from the motion
capture system and the powered prosthesis were synchronized
online through Wi-Fi. The synchronized raw data were filtered
offline using a zero-lag low-pass Butterworth filter with a cutoff
frequency of 8 Hz. Joint angular velocities, accelerations, and
power were calculated post-filtering. Segmentation indexes for
stance and swing phase during stair ascent were determined
using the gait state parameters defined online by the powered
prosthesis controller. Full strides started and ended at toe-off
on the prosthesis side. After segmentation, each stride was
resampled to 1000 samples, and the time was normalized as
percent of stride.

Energy injection was calculated as the integral of the joint
torque—angle curve, which is theoretically equivalent to integrat-
ing mechanical power over time but does not require the offline
calculation of the joint velocity by numerical differentiation,
which is typically noisy and involves filtering. Moreover, energy
injection was calculated for the stance phase only to isolate the
ability of the proposed Stance controller to adapt the energy
injection to both the step height (i.e., 4 in versus 7 in) and the
gait pattern (e.g., two-steps versus step-over-step).

V. RESULTS

The prosthesis swing trajectory varied between different stair
heights and gait patterns (see Fig. 5). As shown in Table II, the
maximum knee angle during swing was 88.5 +2.9°,88.3 +2.6°,
and 96.0 £ 1.9° for step-by-step, step-over-step, and two-step
gait patterns for the 7-in stairs, respectively (see Fig. 6). The
maximum knee angle during swing was 74.9 +2.8°,73.6 + 1.8°,
and 95.9 £ 1.5° for step-by-step, step-over-step, and two-step
gait patterns for the 4-in stairs, respectively (see Fig. 6). Thus,
there were substantial differences in the maximum knee flexion
angle between the two-step gait pattern and the step-by-step and
step-over-step gait patterns but almost no difference between
the step-by-step and step-over-step gait patterns. As expected,
we found a noticeable difference between stair heights, with an
18% and 20% increase in knee flexion between the 7-in and
4-in stairs for the step-by-step and step-over-step gait patterns,
respectively. Thus, the proposed controller provided sufficient
foot clearance and proper foot placement for all observed gait
patterns and stair heights.

The swing duration was calculated from the moment the
prosthetic foot left the ground to the moment the prosthetic
foot touched the ground, as determined by the finite-state ma-
chine. Because the powered prosthesis continuously follows the
residual-limb movements, the swing duration reflects the user’s
self-selected cadence. The swing duration ranged from 0.76 s
for the 4-in stairs with step-over-step gait pattern to 1.80 s for
the 7-in stairs with the two-step gait pattern (see Table II). The
step-over-step gait pattern on the 7-in stairs had the highest
deviation in swing duration, with a minimum of 1.1 s and a
maximum of 1.4 s (see Fig. 5). Thus, the proposed controller
enabled the subject to change his cadence when climbing stairs
with different heights or using different gait patterns.
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Fig. 5. Analysis of the powered prosthesis during swing for different stair

heights and gait patterns. (a) Swing trajectory of the powered prosthesis in the
cartesian space of 7-in and 4-in stair heights from left to right, respectively,
for step-by-step, step-over-step, and two-steps gait patterns from top to bottom,
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TABLE IT
COMPARISON BETWEEN DIFFERENT STAIR HEIGHTS AND GAIT PATTERNS

Variable Step-By-Step S“’g'tgl:"r' Two-Steps
MaxKnee 4. 74.9+2.8° 73.6=1.8° 95.9+1.5°
Flexion in )
Swing 7-in 88.542.9° 88.3+2.6° 96.0+1.9°
Thigh 4-in -15.5£2.0° -30.7+6.2° -43.842.1°
Angle
Startof  7.n  .40.623.1° 40,643 .5° -57.9+3.1°
Stance
Knee Angle  4.jp 50.046.5° 49.9+3 4° 68.843.6°
Start of ) . . .
Statios 7-in 75.3£1.0 74.5+1.9 84.445.3
; 0.40£0.15 0.50=0.10 1.20=0.08
P?k fnee o Nm/kg Nm/kg Nm/kg
S wmp  L0GHO0S 1.030.04 1.4420.15
Nm/'kg Nm/kg Nm/kg
_—_— 1.52::0.63 1.90+0.43 3.60+0.68
s Wikg Wikg Wikg
bt _— 3.3740.25 3.39£0.27 4.7140.20
i s Wike Wike W/ke
Stance i 0.17+0.08 0.20:£0.04 0.64+0.08
Knee Jkg Jikg Jkg
Energy 2 0.60+0.03 0.59+0.03 0.95+0.14
Injection Jikg Jikg J'kg
Pei(ﬂ T:ﬁgh 4-in -40.9+1.8° 41.0+3.3° -55.542.3°
(5]
Sufde 7-in -55.742.0° -56.4+0.8° -61.6£3.9°
Swing 4-in  1.06+0.08 s 0.85+0.09 s 1.5240.09 s
Duration 7.5 1.20+0.05s 1.18£0.13 s 1.67+0.11 s
Peak Toe  4.in  0.1720.02 s 0.22+0.02 s 0.32+0.01 s
Position )
Swing 7-in 029+0.01s  0.28+0.001 s 0.48+0.01 s
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Fig. 6. Kinematic analysis of the thigh segment, knee joint, and ankle joint
from top to bottom, respectively, for the step-by-step, step-over-step, and two-
step gait patterns from left to right, respectively. The prosthesis side mean and
standard deviation is shown for all stair heights and gait patterns in blue for the

7-in stairs and orange for the 4-in stairs.
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Kinetic analysis of the stance phase. The step-by-step, step-over-step, and two-step gait patterns are displayed from top to bottom, respectively. The first

two columns show the sound side and the prosthesis side orientation in the cartesian space at the start of stance (e.g., 0% stance) for the 7-in stairs on the left and
4-in stairs on the right. The powered prosthesis knee torque against knee position plots during the stance phase, knee torque against % stance, and knee power
against % stance are shown in columns 3 to 5 for all conditions. The powered prosthesis side mean and standard deviation is in blue for the 7-in stairs and orange
for the 4-in stairs. The plots in the right column show the mean and standard deviations of the energy injection for all stair heights and gait patterns.

The prosthesis angle at the start of stance varied for different
stair heights and gait patterns. The knee angle at the start of
stance (i.e., 0% Stance, Fig. 7) was 75.3 £ 1.0°,74.5 + 1.9°, and
84.4 + 5.3° for step-by-step, step-over-step, and two-step gait
patterns for the 7-in stairs, respectively (see Table II). The knee
angle at the start of stance was 51%, 49%, and 23% larger on the
7-in stairs compared to the 4-in stairs for the step-by-step, step-
over-step, and two-step gait pattern, respectively (see Table II).
Also, the knee angle at the start of stance was 50.0 £+ 6.5°,
49.9 + 3.4°, and 68.8 £ 3.6° for step-by-step, step-over-step,
and two-step gait patterns for the 4-in stairs, respectively (see
Table II). Thus, the knee angle was 13% and 38% larger for the
two-step gait pattern compared to the single-step gait patterns for
the 7-in and 4-in stair heights, respectively. Thus, the proposed
controller changed the prosthesis knee angle at the start of stance
adapting to the different gait patterns and stair heights.

The peak of the prosthesis knee torque changed with different
stair heights and gait patterns (see Fig. 7). The peak knee torque
was 1.06 + 0.06 Nmv/kg, 1.03 £+ 0.04 Nm/kg, and 1.44 +
0.15 Nm/kg for step-by-step, step-over-step, and two-step gait
patterns for the 7-in stairs, respectively (see Table I). Thus, the
peak knee torque increased by 38% and 166% for the two-step
gait pattern compared to the single-step gait patterns for the 7-in
and 4-in stairs, respectively. The peak knee torque was 0.40 +
0.15 Nmvkg, 0.50 £+ 0.10 Nmv/kg, and 1.20 & 0.08 Nm/kg for

step-by-step, step-over-step, and two-step gait patterns for the
4-in stairs, respectively (see Fig. 7). Thus, the peak knee torque
measured for the 7-in stairs was 164%, 106%, and 20% larger
compared to the 4-in stairs for the step-by-step, step-over-step,
and two-step gait pattern, respectively.

The timing of the prosthesis peak knee torque varied for
different stair heights and gait patterns (see Fig. 7). The peak
knee torque was provided at a knee angle of 29.9°, 33.6°, and
52.7° for the step-by-step, step-over-step, and two-step gait
patterns, respectively, for the 4-in stairs and 53.6°, 52.6°, and
64.2° for the step-by-step, step-over-step, and two-step gait
patterns, respectively, for the 7-in stairs. Thus, the knee angle
at peak torque was 30% smaller than the knee angle at the start
of stance. The proposed controller changed the torque based on
the gait pattern and stair height.

We assessed joint power and energy injection for different
stair heights and gait patterns. The peak knee power was 3.37
+ 0.25 W/kg, 3.39 £ 0.27 W/kg, and 4.71 4 0.20 W/kg for the
step-by-step, step-over-step, and two-step gait patterns for the
7-in stairs, respectively (see Fig. 7). The peak knee power was
1.52 4 0.63 W/kg, 1.90 £ 0.43 W/kg, and 3.60 + 0.68 W/kg
for the step-by-step, step-over-step, and two-step gait patterns
for the 4-in stairs, respectively (see Fig. 7). The energy injected
in stance was 0.60 £ 0.03 J/kg, 0.59 &+ 0.03 J/kg, and 0.95
=+ 0.14 J/kg for the step-by-step, step-over-step, and two-step
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TABLE III
COMPARISON BETWEEN SOUND SIDE AND PROSTHESIS SIDE
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——— 7-in Stairs Prosthesis Side
+ == 7-in Stairs Sound Side

Variable Sé’i‘(‘;d Prﬂssitg:sis
Max Knee  4-in  70.1+£3.7°  73.6+1.8°
Flexion 7-in  88.5£2.9°  88.3+2.6°
Max Thigh ~ 4-in  -38.5424°  -41.03.3°
Position Thn -53.9+1.6°  -56.4+0.8°
Max Ankle  4-in  -39.744.7°  -25.2+0.07°
Plantarflexion 7.y _51442.3°  .25.2+0.07°
Max Ankle  4-in  7.8£22°  20.2+1.7°
Dorsiflexion 7., 14.8+1.5° 20.0+1.0°

+= == 4-in Stairs Prosthesis Side

+ 4-in Stairs Sound Side

gait patterns for the 7-in stairs, respectively (see Fig. 7). The
energy during stance was 0.17 £ 0.08 J/kg, 0.20 & 0.04 J/kg,
and 0.64 + 0.08 J/kg for the step-by-step, step-over-step, and
two-step gait patterns for the 4-in stairs, respectively (see Fig. 7).
Thus, the two-step gait pattern injected 60% and 246% more
energy compared to the single-step gait patterns (see Fig. 7)
for the 7-in and 4-in stairs, respectively. The 7-in stairs injected
253%, 195%, and 48% more energy compared to the 4-in stairs
for the step-by-step, step-over-step, and two-step gait patterns,
respectively. The proposed controller injected a different amount
of energy into the gait cycle depending on the gait pattern and
stair height.

A kinematic analysis was performed between the sound side
and the prosthesis side for the thigh orientation, knee angle, and
ankle angle. The peak knee angle on the sound side was 88.5
+ 2.9° and 70.1 £ 3.7° for the 7-in and 4-in stairs, respectively
(see Table III). At toe-off, or 0% stride, the sound side for the
4-in stairs experiences some initial flexion of -8.0 £ 2.2° for
the thigh and 17.1 £ 2.5° for the knee compared to the sound
side for the 7-in stairs and both stair heights of the prosthesis
side where the knee and thigh positions at toe-off are closer
to a neutral position (see Fig. 8). Additionally, the ankle on
the sound side experiences -32.1 4+ 10.8° and -27.6 + 11.0°
of plantarflexion at toe-off for the 7-in and 4-in stair heights,
respectively, where the prosthesis side starts with a more neutral
ankle position for both the 7-in and 4-in stairs, respectively. The
peak plantarflexion angle on the prosthesis side was -25.2 +
0.07° and -25.2 + 0.07° for the 7-in and 4-in stairs, respectively.
The peak plantarflexion angle on the sound side was -51.4 2.3
and -39.7 £ 4.7° for the 7-in and 4-in stairs, respectively. Thus,
the sound side experiences 104% and 58% more plantarflexion
compared to the prosthesis side for the 7-in and 4-in stairs,
respectively (see Table III). The peak dorsiflexion angle on the
prosthesis side was 20.0 &+ 1.0° and 20.2 + 1.7° for the 7-in
and 4-in stairs, respectively. The peak dorsifiexion angle on the
sound side was 14.8 £+ 1.5° and 7.8 & 2.2° for the 7-in and
4-in stairs, respectively. The proposed controller enabled the
subject to climb stairs with different heights using three different
gait patterns, i.e., step-over-step, step-by-step, and two-step at a
time. For the step-over-step gait pattern, the right and left legs
are expected to show the same kinematics. However, there are
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Fig. 8. Kinematic analysis of the thigh segment, knee joint, and ankle joint
from top to bottom, respectively, for the step-over-step gait pattern. The left
column is the 7-in stairs and the right column is the 4-in stairs. The prosthesis
side and sound side mean and standard deviation is shown for all stair heights.

some noticeable differences between the kinematics of the sound
side and the prosthesis side, especially between the ankle joints.
For step-by-step and two-step patterns, the right and left legs
are not expected to show the same kinematics. Therefore, the
comparison between the sound side and the prosthesis side is
not reported.

VI. DISCUSSION

Ascending stairs in the real world requires controllers that
synchronize the movements of the powered prosthetic joints
with the movements of the user’s residual limb. If the controller
moves too fast or too slow with respect to the user’s residual
limb, then the prosthesis will hit the stairs, causing the user to
trip and fall. Available stair controllers for powered prostheses
cannot synchronize with the user [14]-[22]. Therefore, users
must learn how to time their residual limb movements with
the prosthesis to ensure that the step is cleared. Because the
swing time is fixed, changing cadence is not possible with
available stair ascent controllers. This study shows that the
proposed adaptive Swing controller (see Fig. 1) enables climbing
stairs at a variable cadence (from (.76 s/stride to 1.8 s/stride,
Table IT), which is critical to ambulate on staircases with different
heights (4-in, 7-in) or using different gait patterns (step-by-step,
step-over-step, two-step). Thus, the experimental results suggest
that the proposed Swing controller enables climbing stairs with
different heights and gait patterns by intrinsically synchronizing
with the user’s thigh movements.

Adaptation to different staircases or gait patterns requires the
position of the prosthetic foot at the end of swing to match
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the stair height. If the prosthetic knee is too flexed, then the
prosthetic foot hovers above the step. If the prosthetic knee is
not flexed enough, the prosthetic foot does not clear the last step.
Moreover, the angle of the prosthetic joints at the start of stance
is critical. The knee joint must be flexed to an extent that ensures
the prosthesis shank orientation is past the vertical line defined
by gravity so that the user’s center of mass is above the prosthesis
[13]. The ankle must be dorsifiexed to ensure the prosthetic foot
stays flat on the step. Available stair controllers are tuned for a
specific staircase and gait pattern [14]-[22] so that proper foot
placement is achieved. Outside of the specific tuning conditions,
these controllers cannot provide proper toe clearance and foot
placement. This study shows that the proposed adaptive Swing
controller can achieve a suitable prosthesis orientation for all
tested stair heights and gait patterns by changing the knee flexion
continuously with the thigh angle (see Table II, Figs. 5 and 6).
Similarly, our experimental results show that the ankle angle
is continuously adapted based on gravity (see Figs. 5 and 6),
enabling the prosthetic foot to remain perpendicular to the step
for all tested stair heights and gait patterns (see Table II, Figs. 5
and 6). Thus, the experimental results suggest that the proposed
adaptive Swing controller provides proper foot placement for
different stair heights and gait patterns.

The biomechanical analysis of nonamputee gait and pilot tests
with our powered prosthesis indicated that changing the pros-
thesis knee and ankle angles as a function of only the user’s thigh
angle does not provide sufficient toe clearance during swing. For
this reason, in our controller, the prosthesis joint angles depend
on both the thigh angles, velocity, and vertical acceleration as
defined by (1)—(7). In general, the velocity dependence (2) seems
to help clear the intermediate step, whereas the vertical acceler-
ation term (3) seems to have a major impact in clearing the first
step, when the residual limb is not rotating (see Fig. 5). Thus, the
experimental results suggest that the residual limb orientation,
velocity, and vertical acceleration are a suitable combination of
inputs to continuously adapt the prosthesis trajectory during stair
ascent.

Climbing stairs with different stair heights or gait patterns
require different torque generation and mechanical energy in-
jection [12]. However, available stair ascent controllers use
either a fixed, preprogramed stance torque profile, or joint
impedance. Therefore, they cannot change torque generation
or energy injection. To address this limitation, the proposed
Stance controller automatically increases the maximum knee
torque proportionally to the knee flexion angle at the beginning
of stance (see Fig. 2). Our experimental results show that because
the knee flexion angle at the beginning of stance is proportional
to the stair height (see Figs. 2 and 7), the energy injected by the
prosthesis is also proportional to the stair height (see Fig. 7).
Thus, the experimental results suggest that the proposed Stance
controller provides sufficient modulation of torque and energy
injection to enable climbing stairs with different heights and gait
patterns.

Inspired by biological knee behavior, the proposed controller
sets the knee angle at which the peak knee torque is provided
proportional to the knee range of motion (see Fig. 2). Our
experimental results show that the torque—angle relationship is
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scaled linearly on the knee range of movement (see Fig. 7),
and the knee angle at peak torque changes depending on the
stair height and gait pattern (see Fig. 7). Because the energy
injection is independent with respect to time, the user was able
to climb stairs at their desired cadence while still receiving the
assistance needed. Thus, the experimental results suggest that
the proposed Stance controller synchronizes energy injection to
the user’s movements when climbing stairs with different heights
and gait patterns.

In the proposed Stance controller, the ankle movements are
synchronized to the knee movements, using a dedicated adaptive
function (8). The experimental results show that different ankle
angles are achieved at the beginning of stance for different stair
heights and gait patterns (see Fig. 7). However, for all tested
conditions the ankle angle gradually returns to neutral as the
knee extends (see Fig. 7). Thus, the experimental results suggest
that the proposed Stance controller indirectly synchronizes the
ankle movements to the residual limb movements when climbing
stairs with different heights and gait patterns.

Like other stair controllers for powered prostheses [14]-[22],
the proposed controller uses a finite-state machine (see Fig. 3).
However, we only use two states (Stance and Swing), whereas
other stair controllers use at least four states. In general, reducing
the number of states in the finite-state machine reduces the
probability of a wrong transition being triggered, improving
robustness. Moreover, reducing the number of states reduces
the number of control parameters that need to be tuned, reducing
tuning time [18]. The results of our experiments show that two
states are sufficient for the proposed controller to achieve the
desired adaptability to different stair heights, gait patterns, and
cadence.

A. Limitations

Nonamputee stair biomechanics show the ankle joint provides
considerable energy during late stance. The proposed controller
is not capable of imitating this important physiological function.
Powered ankle push-off has been obtained in a previous study
using a finite-state machine with a dedicated late-stance state
signaled by an intermediate threshold on the GRF [19], [21].
In our pilot studies, this late-stance state caused the ankle to
push off when the users shuffled instead of climbing stairs. This
observation suggests that integrating ankle push-off in our stair
ascent controller will require an understanding of the sound side
position to ensure that the user wants to climb a step rather than
shuffling. Future work should focus to address this limitation
so that the proposed controller can more closely imitate the
physiological ankle push-off.

The analysis of nonamputee stair biomechanics suggests that
at the transition from swing to stance the body weight is loaded
on the middle to the front portion of the foot while the ankle
joint is slightly plantarflexed [13]. In contrast, our controller
aims for a flat foot placement at this transition to minimize
the amount of joint movement occurring underneath the user.
Further experiments are necessary to understand the impact of
this discrepancy between the biological ankle behavior and that
of our controller on the user.
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Because the prosthesis movements are intrinsically synchro-
nized to the user’s residual limb movements, the proposed Swing
controller does not need to explicitly classify the intent of
the user to ascend stairs. In other terms, the user can safely
stand and shuffle around without triggering a predefined swing
movement like in previous controllers. However, this aspect has
not been properly investigated and further work is necessary
to quantify the impact of the proposed controller on the user’s
intent classification problem. It is also unclear whether the
proposed adaptive stair controller can be integrated with adaptive
walking controllers [36] in a way that does not require explicit
classification of the user’s intent to climb stairs or walk.

The subject did not stub his toe in any of the recorded steps.
In general, the proposed controller transitions to Sfance when-
ever the physical interaction with the environment generates a
substantial vertical GRF [see Fig. 3(a)]. However, it is not clear
whether stubbing the toe would cause such a vertical force. Thus,
it is not clear how the proposed controller would react in this
situation.

The proposed controller requires subject-specific tuning.
Manual (e.g., [18]) and automatic tuning (e.g., [37]) are common
for powered research prostheses and microprocessor-controlled
prostheses available on the market [38]. In this experiment,
which included one subject, we tuned four control parameters,
leaving the other six parameters fixed (see Table I). In our study,
tuning the proposed controller took about 15 min. This tuning
time is equivalent to that necessary for nonadaptive controllers
like the ones used in our previous studies [16], [28] and by
other researchers [18], [22], [39]. Moreover, this tuning time
is equivalent to the tuning time needed by clinicians to set up
microprocessor-controlled prostheses. This result suggests that
the tuning process should not limit the clinical viability of the
proposed controller. However, it is possible that more parameters
will need to be tuned to adapt the proposed controller to different
subjects, increasing the tuning time. Further work is necessary
to quantify tuning time in a broader amputee population.

An important limitation of this study is that it does not address
generalization to the broad amputee population. Although the
experiments with one subject with an above-knee amputation
provide a first demonstration of stair climbing with different
stair heights, gait patterns, and cadences, we do not know
whether the proposed controller will provide similar results in
other individuals with above-knee amputation. Future clinical
evaluations should assess the generalizability of the proposed
controller in a broader amputee population, perhaps using an
instrumented staircase.

VII. CONCLUSION

The ability to enable climbing stairs step-over-step is one of
the biggest advantages of powered prostheses over conventional
passive devices. Climbing stairs in the real world requires the
powered prosthesis controller to adapt to variability in stair
geometry, gait pattern, and gait cadence. The proposed Swing
controller enables a powered prosthesis to adapt the swing tra-
jectory continuously while coordinating with the movements of
the user, without explicit classification of the environment. The
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proposed Stance controller enables a powered prosthesis to adapt
the timing and amount of energy injected in stance based on the
changing needs of the user. Our experiment with one individual
with an above-knee amputation suggests that the proposed stair
controller enables climbing stairs with different heights at the
preferred cadence and using different gait patterns. A controller
with this capability may improve real-world ambulation and is
not currently available to prosthesis users. Future work should
provide statistical evidence in a larger clinical population com-
paring the proposed adaptive approach to passive prostheses and
powered prostheses using other control approaches.
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