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Self-Aligning Mechanism Improves Comfort and
Performance With a Powered Knee Exoskeleton

Sergei V. Sarkisian

Abstract— Misalignments between powered exoskele-
ton joints and the user’s anatomical joints are inevitable
due to difficulty locating the anatomical joint axis, non-
constant location of the anatomical joint axis, and soft-
tissue deformations. Self-aligning mechanisms have been
proposed to prevent spurious forces and torques on the
user’s limb due to misalignments. Several exoskeletons
have been developed with self-aligning mechanisms based
on theoretical models. However, there is no experimental
evidence demonstrating the efficacy of self-aligning mech-
anisms in lower-limb exoskeletons. Here we show that a
lightweight and compact self-aligning mechanism improves
the user’s comfort and performance while using a pow-
ered knee exoskeleton. Experiments were conducted with
14 able-bodied subjects with the self-aligning mechanism
locked and unlocked. Our results demonstrate up to 15.3%
increased comfort and 38% improved performance when the
self-aligning mechanism was unlocked. Not surprisingly,
the spurious forces and torques were reduced by up to 97%
when the self-aligning mechanism was unlocked. This study
demonstrates the efficacy of self-aligning mechanisms in
improving comfort and performance for sit-to-stand and
position tracking tasks with a powered knee exoskeleton.

Index Terms—Human-robot misalignment, exoskeleton
comfort, rehabilitation robotics, wearable robotics.

|. INTRODUCTION

OWERED exoskeletons have been proposed for rehabil-
itation [1], assistance [2]-[5], strength amplification [6],
and productivity enhancement [7]. Regardless of the specific
application, powered exoskeletons must physically interact
with the wearer in a way that is comfortable and effective.
Accomplishing these goals in a powered exoskeleton is chal-
lenging due to both the inter-subject and intra-subject vari-
ability of human anatomy. As the global powered exoskeleton
market grows, it is important to understand how the physical
human-robot interface (pHRI) affects the user’s comfort and
performance.
In the design of powered exoskeletons, anatomical knee
joints are frequently modeled as simple pin joints. However,
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anatomical knee joints have a non-constant, moving axis of
rotation, resulting in rotational and translational movements
[8]. Even if these complex, multi-axis rotational/translational
movements are disregarded, a perfect alignment of the anatom-
ical and the exoskeleton joints is not possible because the
anatomical axis cannot be perfectly located visually or by
palpation. In addition, even if an exoskeleton has been aligned
with the anatomical joint, it can become misaligned because
of the deformation of soft tissues resulting from physical
interaction with the robot [9]. Similarly, the flexibility of the
physical human-robot interface may produce misalignments
when transmitting forces and torques to the user. No matter the
source, misalignments can lead to spurious forces and torques
on the user [10]. These spurious forces and torques may load
the joint and produce stress on the user’s skin, potentially
reducing comfort and deteriorating performance.

To address the issue of misalignment, researchers have
proposed adding self-aligning mechanisms (SAM) to pow-
ered exoskeletons. Theoretical models predict that self-
aligning mechanisms can reduce the spurious forces and
torques on the user’s limb [11]-[13]. Based on these the-
oretical models, numerous powered exoskeletons have been
designed with self-aligning mechanisms for both the lower-
limb [1], [5], [14]-[20] and the upper limb [21], [22],
[12], [23]-[25]. However, no previous study has ever tested the
effects of the self-aligning mechanism on the user’s comfort
and performance when using a lower-limb exoskeleton. Thus,
there is no experimental evidence supporting the efficacy of
self-aligning mechanisms.

In this paper, we investigate, for the first time, the effects
of a self-aligning mechanism on the user’s comfort and
performance with a powered knee exoskeleton. Theoretical
models are essential to design self-aligning mechanisms that
effectively avoid spurious forces and torques on the user’s
limb [13]. However, experiments are necessary to validate
these theoretical models. Theoretical models assume that self-
aligning mechanisms are massless, frictionless, and infinitely
stiff. These assumptions are not satisfied in physical systems.
The mass of the mechanism introduces unmodeled forces and
torques due to inertia and gravity, which can impair the func-
tion of the self-aligning mechanism. Unmodeled friction can
prevent the passive joints of the self-aligning mechanism from
moving freely under load, which is necessary for dynamic
alignment. Flexion of the self-aligning mechanism’s linkages
introduces unmodeled movements of the passive joints so that
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TABLE |
PREVIOUS STUDIES ON EXOSKELETONS AND HUMAN-ROBOT MISALIGNMENT

Exo pDOFs Interaction Locked/ . NASA
. Self- . .. Subject  Comfort
Study actuation aligning? Assisted joints movement forces unlocked Number rated? TLX
type : measured?  measured? tested? ' rated?
Lower-Limb Exoskeletons
This study Powered Yes Knee No Yes Yes 14 AB Yes Yes
Sarkisian et al., TMRB [9] Powered Yes Knee Yes Yes No 4 AB No No
Ergin et al., IROS [1] Powered Yes Knee No No No - No No
Saccares et al., IROS [5] Powered Yes Knee No Yes No - No No
Lee et al., TMECH [38] Powered Yes Hip,knee,ankle No Yes No 1 AB No No
Junius et al., TBME [39] Passive Yes Hip No No No 4 AB No No
Beil et al., ICORR [40] Powered Yes Hip No No No - No No
Wang et al., RAL [41] Powered Yes Knee Yes No No - No No
Giovacchini et al., RAS [19] Powered Yes Hip No No No 1 AB No No
Choi et al., EMBC [42] Powered Yes Knee Yes No No - No No
Kim et al., IJARS [16] Powered Yes Knee No No No 1 AB No No
Celebi et al., IROS [15] Powered Yes Knee Yes No No 1 AB No No
Niu et al., Mech-Sci [43] Powered Yes Knee Yes Yes No 1 AB No No
Cai et al., EMBC [14] Powered Yes Knee No Yes No 1 AB No No
Niu et al., ReMAR [44] Powered Yes Knee No No No - No No
Tang et al., ICMSE [45] Powered Yes Knee Yes No No - No No
Wang et al., TMECH [11] Powered Yes Knee No No Yes - No No
Zanotto et al., TRO [10] Powered No Knee No Yes No 9 AB No No
Upper-Limb Exoskeletons

Stienen et al., JMD [46] Powered Yes Shoulder,elbow No No No >1 AB No No
Jarrasse et al., TRO [21] Powered Yes Shoulder,elbow No Yes Yes 10 AB No No
Ergin et al., ICRA [47] Powered Yes Shoulder Yes No No 2 AB No No
Vitiello et al., TRO [23] Powered Yes Elbow Yes Yes No 5 AB No No
Lenzi et al., Mechatronics [48] Powered Yes Elbow No Yes No 1 AB No No
Wu et al., TMECH [49] Powered Yes Elbow,wrist No No No 1 AB No No
Schiele, IROS [26] Passive Yes Elbow No No Yes 14 AB Yes Yes
Cempini et al., TMECH [25] Powered Yes Finger,thumb No No No 4 AB No No

the effective kinematic behavior diverges from the modeled
one. From a design standpoint, it is challenging to implement
a self-aligning mechanism that is lightweight, low friction,
and robust enough to transfer the assistive torques through the
powered joint axis while avoiding spurious forces and torques
on the anatomical joint axis. Because the unmodeled mass,
friction, and deformations of the self-aligning mechanism
can impair its function, an experimental evaluation, including
experiments under high assistive torque, is necessary.

The accuracy of predictions made using theoretical mod-
els depends on the modeling assumptions. The location of
the user’s anatomical joint axes, the exact position of the
exoskeleton’s braces and axes relative to the user’s body,
and the viscoelastic behavior of the wearer’s limb at the
interface with the exoskeleton all vary between subjects and
even between sessions of exoskeleton use. Without knowledge
of these variables, it is impossible to precisely predict the
reduction of spurious forces and torques on the user’s joints.
More importantly, theoretical models cannot estimate how
spurious forces and torques on the user’s limb will affect the
user’s comfort. Similarly, theoretical models cannot predict
how the spurious force and torques on the user’s limb affect
the user’s performance with a powered exoskeleton. Thus,
the effect of self-aligning mechanisms on the user’s comfort
and performance must be assessed experimentally.

We hypothesize that a lightweight, low-friction, and robust
self-aligning mechanism will improve users’ performance and
perceived comfort during both fast, high-torque tasks and
slow, low-torque tasks with a powered knee exoskeleton. This

hypothesis was tested by asking 14 able-bodied subjects to
perform assisted sit-to-stand transitions and trajectory tracking
tasks using a unilateral powered knee exoskeleton with a
self-aligning mechanism that can be mechanically locked [9].
All subjects experienced locked and unlocked conditions in a
randomized order. The physical interaction at the pHRI was
be measured using a six-axis force/torque sensor. Perceived
comfort and effort were assessed using questionnaires.

Il. BACKGROUND

A literature search on the topic of physical human-robot
interaction in powered exoskeletons revealed that 24 pow-
ered exoskeletons with self-aligning mechanisms had been
published—16 lower-limb exoskeletons and eight upper-limb
exoskeletons (Table I). All upper-limb exoskeletons were
tested with human subjects, although only two of them were
tested with the self-aligning mechanism locked vs. unlocked.
In contrast, only half of the powered lower-limb exoskeletons
were tested with human subjects (six with only one subject
and two with four subjects each). Notably, no powered lower-
limb exoskeleton was tested with the self-aligning mechanism
locked vs. unlocked.

Based on the literature search, performance with and with-
out a self-aligning mechanism was never tested before. Also,
with the exception of one upper-limb exoskeleton [26], sub-
jective comfort was never tested in powered exoskeletons.
A previous study assessed subjective comfort limits using
an external apparatus to apply force to the human limbs
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Fig. 1. Xsens IMUs that were placed on subjects’ pelvis, left thigh, shanks, and ankles. Markers were also placed on the exoskeleton’s thigh shell.
In (b) the positioning and orientation of the load cell are shown. The load cell was added during experimentation and is not a permanent part of
Utah ExoKnee. (c) Sit-to-stand transition test setup is shown. A wireless Wii board was used to track the center of pressure (CoP) of the subject
during the sit-to-stand transitions. The subjects monitored the live location of their CoP on screen during the experiment. (d) Wave tracking test
setup is shown. Platforms were placed under the chair legs to elevate the chair by approximately 15 cm in order to let the subject leg hang freely.
The subjects monitored the live plot of the knee joint angle overlapped with a target wave on the screen during the experiment.

while participants stood still [27]. However, there was no
powered exoskeleton involved, and subjects did not perform
any movements. Thus, the spurious forces and torques experi-
enced by the subjects during the experiment may have differed
substantially from those that subjects would experience while
using a powered exoskeleton. This literature search shows
that there is no experimental demonstration of the effects of
the self-aligning mechanism on comfort and performance in
lower-limb exoskeletons.

Spurious forces and torques applied to the user’s limbs were
measured in four upper-limb and four lower-limb exoskeletons
(Table I). Of these eight studies reporting spurious forces
and torques, only one upper-limb exoskeleton study com-
pared locked vs. unlocked configurations of a self-aligning
mechanism. No lower-limb exoskeleton study showed spurious
forces and torques with a self-aligning mechanism locked and
unlocked. Thus, there is no experimental evidence suggesting
that self-aligning mechanisms in lower-limb exoskeletons can
match the reductions of spurious forces and torques predicted
by theoretical models and benchtop studies.

A. Experimental Protocol

METHODS

The experimental protocol was approved by the University
of Utah Institutional Review Board. Written informed consent
was provided to each subject before the experiment took place.
The subjects provided written consent for the publication
of their photos and videos. A total of fourteen able-bodied

subjects were enrolled in the study (11 males, three females;
25.6 £4.16 years old, 176.1 £9.03 cm, and 71.4 £ 10.3 kg).
This sample size matches that of the exoskeleton study with
the largest number of subjects recruited in our literature search
[26]. The subject information is presented in Table II.

Before the start of the data recording session, the subjects
donned an inertial motion capture system to record their lower-
limb kinematics (Xsens MVN Analyze, Xsens Technologies
B.V., Enschede, Netherlands). The motion capture trackers
were placed on both feet, shanks, and thighs (Fig. 1(a)). The
motion capture system was calibrated during level-ground
walking, as recommended by the manufacturer [28]. The
calibration of the system starts with the subject standing in
a neutral position: standing-upright, making sure that both
arms are down, feet parallel, and about shoulder-width. On the
experimenter’s command, the subject starts walking at a
normal pace. After a few seconds, the subject is asked to
turn around and walk back at the same pace and take the
initial position the subject started in, facing the same way.
After the system calibration was completed, a powered knee
exoskeleton was donned on the subject’s right leg while sitting
on a standard chair. After this setup was complete, the data
recording started.

During each experimental session, the subjects performed
two different tasks using the same powered knee exoskeleton.
The first task, named sit-to-stand, consisted of 50 assisted
sit-to-stand transitions from a standard-height chair (46 cm
tall). While performing the transitions, the subjects stood
on a force plate (Fig. 1(c)), which measured their center
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Fig. 2. (a) User wearing Utah ExoKnee. A hip strap wraps around the
user's waist and thigh. The exoskeleton is attached to this hip strap
by Velcro that covers the inside of the thigh shell. The exoskeleton
is tightened around the thigh using BOA® straps. (b) Magnified view
of Utah ExoKnee self-aligning mechanism. Three pDOFs are used in
PRR configuration. (c) The Unlocked configuration during testing. The
3 pDOFs are allowed to move freely. (d) The Locked configuration during
testing. The 3 pDOFs are blocked and not allowed to move. The linear
guide of the prismatic pDOF is blocked by 3D-printed blocks that are
attached to the frame placing the linear guide carriage in the center if the
rail. The second, rotary pDOF is blocked by replacing the C-shaped cuff
with one that connects rigidly by bolts to the load cell. The third pDOF is
locked by tightening the bolts that act as the rotational axis.

of pressure (CoP) (Wii Balance Board, Nintendo®), Japan
[29], [30]). The movement of the CoP in the mediolateral
direction is an indication of sway and is commonly used to
assess stability and balance in stroke patients during sit-to-
stand transitions [31]. The subjects could see the location of
their CoP on a monitor displaying a LabView graphical user
interface (Fig. 1(c)). The subjects were asked to keep their
CoP inside vertical boundary lines, which were shown in the
graphical user interface. If their CoP moved outside of the
defined boundaries (100 mm in each direction from the center
of the board, in the medial-lateral direction), an acoustic cue
was produced by the system. A training session consisting
of 5 to 10 assisted sit-to-stand transitions in both self-aligning
mechanism configurations were carried out before data record-
ing took place.

In the second task, named tracking, the subjects were
asked to track a sinusoidal wave with their knee joint while
sitting in a chair, similar to the task shown in [32]. The
chair was elevated from the ground by 15 cm to allow the
subject’s leg to hang freely in the air (Fig. 1(d)). The sinusoid
wave frequency was set to 0.15 Hz with an amplitude of
25° and an offset of 60°. For this test, the powered knee
exoskeleton was used in virtual stiffness mode. The objective

Unlocked

Fig. 3. Flow chart of human subject testing. The odd and even ID
number subjects (Table 1) defines which kinematic condition of the self-
aligning mechanism each subject starts with. The subject ID numbers
and, thus, the starting kinematic conditions, were assigned at random.
The subjects were allowed to rest and recover for 30 minutes between
the two testing conditions. While the subjects rested the experimenter
reversed the kinematic condition of the self-aligning mechanism.

TABLE Il
SUBJECT INFORMATION

Subject Gender Age Height,cm  Weight, kg
S01 Male 39 175 70
S02 Male 26 178 70
S03 Male 26 185 84
S04 Male 24 165 57
S05 Female 25 165 64
S06 Male 24 185 75
S07 Male 22 180 91
S08 Male 26 172 66
S09 Male 22 180 72
S10 Male 22 188 75
S11 Male 26 185 73
S12 Female 25 157 52
S13 Female 25 172 68
S14 Male 26 178 82

of this task is to mimic the mobilization and strengthening
exercises that are commonly performed for rehabilitation after
ACL reconstruction surgery [33]. The joint stiffness was set
to 0.1 Nm/deg, and the equilibrium point was at 40°. The
reference sine wave was shown on a monitor and along with
the knee joint measured by the position sensor embedded into
the powered knee exoskeleton. To get the subjects accustomed
to the setup, a 30-60 second wave tracking training session was
carried out. The subjects were then asked to track the target
sine wave for 5 minutes.

The tasks were carefully selected to provide different use-
case scenarios for the powered exoskeleton and the self-
aligning mechanism. One task is high-torque, weight-bearing,
with the exoskeleton assisting the users and requires quick
movements (sit-to-stand). The other task is low-torque, non-
weight-bearing, with the exoskeleton resisting the users and
requires slow movements (fracking).

The subjects repeated the two tasks using the same pow-
ered knee exoskeleton with the self-aligning mechanism in
Unlocked and Locked configurations (Fig. 3). Subjects were
blinded to the status of the self-aligning mechanism, and
the specific goal of the experiment—comparing locked and
unlocked conditions—was not explained to the subjects. Half
of the subjects were randomly assigned to start the tests
with the self-aligning mechanism Unlocked. The other half
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started the experiments with the self-aligning mechanism
Locked. After completing each task, the subjects filled out
the NASA TLX questionnaire [34], rating 6 different fields:
Mental Demand (MD); Physical Demand (PD); Temporal
Demand (7D); Performance (P); Effort (E); Frustration (F).
Additionally, the subjects rated the comfort (C) of the current
exoskeleton on a visual analog scale with upper and lower
limits of 0 and 100. Visual analog scales are commonly used in
rehabilitation [35], and the same method was used in the only
previous study that assessed comfort in a powered exoskeleton
[26]. During the transition between the kinematic conditions,
the subjects doffed the exoskeleton and were allowed to rest
and walk as desired for 30 minutes (Fig. 3). While the subjects
were resting, the experimenters changed the experimental
condition: [Unlocked to Locked] or [Locked to Unlocked],
depending on the starting condition (Fig. 3). Both tasks and
the familiarization session were then repeated under the new
experimental condition.

B. Data Analysis and Statistical Design

Data analysis was conducted in MATLAB (MathWorks,
USA). Data recorded by the exoskeleton during the standing-
up task was segmented to include the standing-up motion
only because the exoskeleton did not provide assistance during
stand-to-sit transitions. The data was segmented by thresh-
olding the position and velocity of the knee joint. The force
plate data were segmented by thresholding the total force and
the derivative of that force. Each standing-up repetition was
then interpolated to 1000 data points. A zero-lag, low-pass
fourth-order bidirectional Butterworth filter with 5 Hz cut-
off frequency was applied to the joint position and velocity.
The force and torque readings from the load-cell and the
force plate data were not filtered. The data recorded by the
exoskeleton during the tracking task did not require any
segmentation because the data were analyzed as a whole.
The performance analysis was conducted in MATLAB using
embedded functions.

Statistical analysis was conducted to assess the outcome
of the study using R (Free Software Foundation Inc., USA).
In agreement with the proposed longitudinal study design,
we used repeated measure ANOVA to assess statistical sig-
nificance for the study outcomes, including user’s comfort,
NASA TLX scores, and task performance with respect to
the study conditions. Specifically, the independent variables
were the status of the self-aligning mechanism (i.e., locked
vs. unlocked) and the task (i.e., standing-up, position tracking).
The dependent variables were the measured interaction forces
and torques (Fx, Fy, F;, Tx, Ty, T;), the NASA TLX scores
(MD, PD, TD, P, E, F), the comfort rating scale (C), and
the objective performance metrics for the two tasks—the
root mean square (RMS) error during tracking task and the
standing-up task. Significance was set before the experiments
at alpha = 0.05.

C. Powered Knee Exoskeleton and Related Controllers

For this study, we used a powered knee exoskeleton, namely
Utah ExoKnee, which has been previously tested on the
benchtop and with healthy subjects [9]. The Utah ExoKnee

uses a compact and lightweight self-aligning mechanism with
three passive degrees of freedom (pDOF). As shown in Fig. 2,
the three pDOFs are arranged in prismatic-revolute-revolute
(PRR) configuration and integrated in series with one active
revolute DOF (knee flexion/extension). The prismatic pDOF
is achieved using a low-friction linear guide connected to the
shank segment of the exoskeleton. The linear guide carriage
is attached to a custom rotary joint, which is a multi-turn joint
with no mechanical stop. In turn, this custom rotational joint
holds a C-shaped, 3D-printed frame with inlaid continuous
carbon fiber, which connects to a flexible cuff through a
perpendicular rotary DOF.

The thigh segment of the exoskeleton connects to the
wearer’s thigh through a flexible plastic molded thigh shell,
the inner surface of which is lined with Velcro (Fig. 2(a)).
The user wears a strap around their waist and thigh. The
Velcro on the inner side of the thigh shell connects to the
thigh portion of the strap (Fig. 2(a)), improving the physical
connection between the exoskeleton and the user. The shell is
tightened around the thigh using BOA® -system straps with
magnetic buckles for quick donning (Fig. 2(a)). The thigh shell
is flexible, allowing users with different thigh sizes/shapes to
use the exoskeleton comfortably. The shank segment uses a
C-shaped frame with an adjustable strap to adapt to different
users and tighten securely to the limb (Fig. 2(a)).

A custom 3D-printed system can be mounted on the
exoskeleton to lock the self-aligning mechanism, as shown in
Fig. 2(d). When the locking system is mounted, no movements
of the pDOFs are allowed. The linear guide of the prismatic
pDOF is blocked by 3D-printed blocks that are attached to
the frame placing the linear guide carriage in the center of the
rail. The rotary pDOF is blocked by replacing the C-shaped
cuff with one that connects rigidly by bolts to the load cell.
The third pDOF is locked by tightening the bolts that act as
the rotational axis. The locking system is lightweight (35g)
and unobtrusive so that subjects do not notice its presence.

Dedicated controllers were used for the proposed tests.
Specifically, for the standing-up test, the exoskeleton was set
to provide assistive torque at the knee joint using the bio-
inspired controller presented in [9]. For all experiments and
subjects, we used a fixed peak assistive torque equal to 30 Nm.
To start the standing-up movement, the experimenter switched
the exoskeleton from transparent mode to standing-up mode
using a graphical interface on the host computer connected to
the exoskeleton via Wi-Fi. Once the exoskeleton knee angle
reached 5° (i.e., extended knee position), the standing-up task
was considered completed, and the controller automatically
switched back to transparent mode, where the interaction
torque was minimized by the closed-loop torque controller. For
the sinewave tracking experiments, the exoskeleton was set to
virtual-impedance mode. In this mode, the experimenter can
select the desired equilibrium angle, stiffness, and damping of
the joint, which are enforced by the closed-loop torque control.
The two controllers have dedicated graphical user interfaces,
which were shown to the user, shown in Fig. 1(c)(d).

The physical interaction between the subject and the
exoskeleton was measured using a 6-axis load cell (M3713D,
Sunrise Instruments, China). The load cell was placed between
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Fig. 4. (a) Mean values (solid lines) and standard deviations (shaded areas) of the interaction forces and torques between the subjects’ shank and
exoskeleton during the standing-up (STS) task are shown. (b) Bar plot of absolute values of average forces and torques is shown. The Unlocked
and Locked conditions are compared. The Unlocked configuration is shown in red, and the Locked configuration is shown in grey. On the plots only
the sit-to-stand movements are shown (no stand-to-sit movement). Error bars show standard error.

the linear guide carriage and the exoskeleton shank segment
(Fig. 1(b)). As shown in Fig. 2, the user’s limb is suspended
in relation to the stiff 3D-printed cuff using a flexible brace
[9]. Moreover, the load cell is connected to the 3D-printed
cuff with 1/2” (12.5 mm) thick steel plate (Fig. 2(c)). The
steel plate prevents the deformation of the 3D printed cuff
from inducing any measurable stress on the load cell, which
was verified experimentally by the authors. Thus, tightening
the brace does not affect the forces and torques sensed by the
load cell. The strap was tightened to the upper comfort limit of
each subject, and a verbal confirmation was obtained during
each donning. We assumed this limit would stay consistent
for each subject across the testing conditions. The load cell
was zeroed using the same protocol for all subjects and test
conditions. Specifically, the load cell was zeroed after the
subjects were fit with the exoskeleton while subjects sat with
their knees bent at about 90°, prior to data acquisition. The
same procedure was carried out for the tracking task. The data
from the load cell were acquired at 500 Hz using a National
Instruments MyRIO board, which was synchronized with the
exoskeleton’s controller on-line. The embedded electronics of
the exoskeleton recorded the output of all onboard sensors,
including the angular position of the knee joint and the applied
knee torque.

V. EXPERIMENTAL RESULTS
A. Physical Human-Robot Interaction

The physical interaction between the user and the robot
was measured during all experiments using a force/torque
sensor located at the shank. The interaction forces and torque
profiles were averaged across all subjects and repetitions

after time-normalization based on sit-to-stand transition time
(Fig. 4(a)) or sine wave period (Fig. 5(a)) for both the
Unlocked (solid red lines) and Locked conditions (solid grey
lines). The average peaks of the forces and torques were also
computed separately for each task (Fig. 4(b) and Fig. 5(b)).
Only Fx, Ty, and T, were compensated by the self-aligning
mechanism. The interaction forces and torques were generally
higher for the standing-up task than the position-tracking
task. For both tests, the magnitudes of Fx, Ty, and T, were
visibly lower during the Unlocked conditions compared to
the Locked conditions. Conversely, Fy, Fz, and Tx showed no
visible difference in magnitude between Locked and Unlocked
conditions. Tx and Fy increased towards the end of the sit-to-
stand task when the subject was standing with the knee fully
extended. For the standing-up task, the average peaks of Fy,
Ty, and T, (i.e., the reaction forces and torques compensated
by pDOFs) were 95%, 97%, and 79% lower, respectively,
for the Unlocked compared to the Locked condition. For the
tracking task, the average peaks of Fyx, Ty, and T, were 97%,
96%, and 52% lower, respectively, for the Unlocked compared
to the Locked conditions.

B. Perceived Comfort and Effort

The user’s comfort was assessed using a 0 —100 visual
analog scale, where 0 was described to subjects as painful,
and 100 was described as “the exoskeleton is not even worn.”
Comfort was rated by each subject for the self-aligning
conditions and tasks separately (Fig. 6(a), (b)). The comfort
score was averaged across subjects for the Locked (grey) and
Unlocked (red) as well as for each task. The ANOVA analysis
indicated that there were statistically significant differences
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in the comfort rating between both the Locked and Unlocked
conditions (p = 0.0371) and the tasks (p = 0.0076). The sta-
tistical analysis is summarized in Table III. The mean comfort
ratings during the standing-up task were 58.2 and 67.1 for
Locked and Unlocked conditions, respectively (Fig. 6(a)).
Thus, the comfort rating improved by 15.3% during the
Unlocked condition, compared to Locked. The mean comfort
ratings during the tracking task were 69.6 and 77.5 for Locked
and Unlocked conditions, respectively (Fig. 6(b)). Thus, com-
fort was improved by 11.4% during the Unlocked condition,
compared to Locked. The comfort rating was 21.8% higher
during the tracking task than during the standing-up task.

NASA TLX (Task Load Index) was used to assess subjects’
task load and demand in 6 different fields. The NASA TLX
task load ratings were averaged across subjects for each of
the six fields (Fig. 6(c), (d)). The ANOVA analysis showed no
statistically significant differences in any NASA TLX ratings
between the Locked and Unlocked conditions.

C. Task Performance

Performance during the standing-up task was assessed by
analyzing the position of the center of pressure during the
execution of the assisted movement. The trajectories of the
center of pressure (CoP) were analyzed for all the standing-
up repetitions and all subjects (Fig. 8). The RMS of the
medial-lateral CoP location averaged across all subjects for
the Locked conditions was 34.0 mm (Fig. 7(a)), compared to
25.8 mm for the Unlocked condition. Thus, the RMS error of
the medial-lateral CoP location was 32% higher for the Locked
condition compared to the Unlocked condition. The peaks of
the medial-lateral CoP location averaged across all subjects

were 58.8 mm and 41.8 mm for the Locked and Unlocked
conditions, respectively. Paired t-tests showed that the RMS
and peaks of the medial-lateral CoP location were statistically
different between the Locked and Unlocked conditions (p =
4.6877e¢ — 6 for RMS, p = 1.4731e — 6 for peak).

Performance during the tracking task was assessed by
calculating the difference between the desired knee position
and the measured knee position, which were shown to the
subject in the graphical interface (Fig. 1). The RMS errors
were computed for each subject (Fig. 7(b)). The RMS aver-
aged across subjects were 5.99° and 4.33° for the Locked
and Unlocked conditions, respectively. Thus, the RMS was,
on average, 38% lower for the Unlocked condition compared
to the Locked condition. A paired t-test found the observed
difference between conditions to be statistically significant
(p = 0.0021).

V. DISCUSSION
A. Human Experiments

Misalignments between the exoskeleton joints and the
anatomical axes of rotation are inevitable [9] and can lead
to undesired, spurious forces and torques on the wearer’s skin
and articulation [21], [11]. Theoretical models [21], [13], [11]
suggest that self-aligning mechanisms have the potential to
reduce the spurious forces and torques, and numerous self-
aligning mechanisms have been developed [1], [5], [14]-[17].
However, experiments validating the efficacy of this design
solution are lacking, and the effect of self-aligning mecha-
nisms on comfort and performance has never been assessed in
lower-limb exoskeletons (Table I). Because theoretical models
cannot assess the user’s comfort and performance, experiments
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is shown in red. Error bars show standard error.

with a significant number of subjects are necessary. This study
presents the first demonstration that a self-aligning mechanism
can significantly improve comfort and performance. Improve-
ments were shown in N = 14 subjects performing slow and
fast assisted activities with a powered exoskeleton.

The experimental protocol included two tasks: standing-
up while assisted by the exoskeleton and tracking a desired
position against a virtual impedance field generated by the
powered exoskeleton. A future clinical trial will use the
powered knee exoskeleton to assist standing-up in hemiparetic
subjects. Another future clinical trial will use the powered knee
exoskeleton to perform position tracking for robot-mediated
rehabilitation after anterior cruciate ligament reconstruction
surgery. Our results show that the proposed self-aligning
mechanism significantly improves comfort and performance
while reducing the spurious forces and torques on the user for
both tasks. Because comfort and performance are paramount,
this study strongly supports the use of self-aligning mecha-
nisms in future clinical trials with powered knee exoskeletons.

This study demonstrates the efficacy of self-aligning mech-
anisms in improving comfort and performance during sit-
to-stand and position tracking tasks with a powered knee
exoskeleton. However, we should carefully consider the key
design features of the proposed self-aligning mechanism
before generalizing the results of this study to other powered

exoskeletons. The mass of the self-aligning mechanism, which
is not considered in theoretical models, has a critical, negative
effect on its function. For example, gravity can cause the
passive joints of a self-aligning mechanism to slide and reach
its mechanical end-stop, effectively impairing the self-aligning
function. Similarly, inertial forces and torques due to the mass
of the self-aligning mechanism can cause its passive joints
to move during activity. These unmodeled and uncontrolled
movements are likely to limit the potential reduction of
spurious forces and torques as well as to cause discomfort to
the user. Therefore, we believe that the relatively small mass of
the proposed self-aligning mechanism (190 g, which is ~5.3%
of the overall exoskeleton mass [9]) was critical to achieving
the observed improvements in comfort and performance.
Reducing the mass of a self-aligning mechanism without
impairing its function under load is challenging. The passive
joints of a self-aligning mechanism must be able to move
freely while transferring the assistive torque. For example,
the prismatic joint shown in Fig. 2(c) must be able to slide
freely while transferring the force F, (Fig. 1(b)) so that the
powered exoskeleton can provide assistive or resistive torques
at the user’s knee joint. In our design, we used a relatively
large linear guide compared to other systems (150 g, 3.5 kN
max load) (Table. I). Although using a smaller and lighter
linear guide would have reduced the overall mass, it could
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the CoP position during standing up (STS) task are shown in (a). The
RMS errors between the measured knee angle and the target wave
during the tracking (TRK) task are shown in (b). The two kinematic
conditions were compared: the self-aligning mechanism Locked and
Unlocked. The Locked condition is shown in grey and the Unlocked
condition is shown in red. In addition to RMS errors of each subject’s
performance, the means of all RMS errors are shown. A paired t-test
has established statistical significance between the kinematic condition
of the self-aligning mechanism and the RMS error values (STS: p =
4.6877e — 06, TRK: p = 0.0021). Error bars show standard error.

have increased friction, which could impair the movement of
the passive joints under load. Notably, the symmetric design of
the powered exoskeleton has a critical effect on the function of
the self-aligning mechanism. The symmetric design minimizes
the torque on the linear guide, allowing for both the mass and
the friction of the self-aligning mechanism to be minimized.
Similarly, the symmetric design reduces the load that the
linkages of the self-aligning mechanism must withstand. This
load reduction is critical because deformations in the linkages
of the self-aligning mechanism may impair the ability of its
passive joints to move freely under load.

The comfort and effort during each experimental condition
were assessed using questionnaires filled out by the subjects
at the end of each test (i.e., standing-up and tracking tasks,
with Locked and Unlocked exoskeleton). Our results show
that the presence of the self-aligning mechanism significantly
improves comfort during both the standing-up and the tracking
task. Interestingly, the tracking task was significantly more
comfortable than the standing-up task. This result may be
explained by the fact that the spurious forces and torques were
greater during the standing-up task than the tracking tasks.
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Fig. 8. The center of pressure (CoP) plot of all trials and subjects is
shown. Only sit-to-stand movement is presented. The two kinematic
conditions were compared: the self-aligning mechanism Locked and
Unlocked. The Locked condition is shown in grey and the Unlocked
condition is shown in red. The bounds that the subjects were asked to
stay in are shown as vertical blue dashed lines.

Thus, our study suggests that there is a correlation between the
spurious forces and torques and the user’s comfort. A previous
study [27] suggests that the comfort limit for the shank is
702 £ 220 N, which greatly exceeds the average peak force
measured in our experiments during the Locked condition,
which was ~30 N. Our results suggest that these interaction
forces and torques were large enough for the subjects to feel
less comfortable during the Locked conditions than during
Unlocked condition (Fig. 6). Cumulatively, our results confirm
our hypothesis that reducing the spurious forces and torques
leads to improved comfort.

Performance during the standing-up task was assessed using
the root-mean-square error between the CoP and the midline
of the force plate and the maximum deviation of the CoP from
the midline. Our results show that both performance metrics
were significantly better (up to 32%) in the presence of the
self-aligning mechanism (i.e., Unlocked condition). In general,
the position of the center of pressure was biased towards the
right side (Fig. 8)—the side wearing the exoskeleton. This
result is likely due to the additional mass of the exoskeleton,
which was located on the right side of the subjects’ body.
Performance during the tracking task was assessed using
the RMS error between the target wave and measured knee
angle. The RMS error was significantly lower in the Unlocked
condition than the Locked conditions (38%). A previous upper-
limb exoskeleton study [26], in which the authors investigated
different attachment pressures with the self-aligning mecha-
nism locked and unlocked, showed that the unlocked condition
was preferred at the optimum interface attachment pressure
because of improved tracking performance. Cumulatively, our
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TABLE Il
RESULTS OF THE STATISTICAL ANALYSIS
Parameters Iég:(;?t?gg Task
mean(F,) F(1,53)=327 p <0.00001 F(1,53)=0.172 p>0.05
mean(F,) F(1,53)=0375 p>0.05 F(1,53)=1.78 p>0.05
Load-cell mean(F,) F(1,53)=1.18 p>0.05 F(1,53)=39.0 p <0.00001
M‘?%md mean(T}) F(1,53)=0.618 p>0.05 F(1,53)=0.104 p>0.05
mean(Ty) F(1,53)=42.2 p<0.00001 F(1,53)=5.45 p<0.05
mean(T,) F(1,53)=169 p<0.001 F(1,53)=0.631 p>0.05
Mental Demand (MD) F(1,53)=0.0226 p>0.05 F(1,53)=3.86 p>0.05
Physical Demand (PD) F(1,53)=0.324 p>0.05 F(1,53)=1.76 p>0.05
Temporal Demand (TD) F(1,53)=0.0645 p>0.05 F(1,53)=3.72 p>0.05
NASATLX Performance (P) F(1,53)=0.385 p>0.05 F(1,53)=2.56 p>0.05
Effort (E) F(1,53)=0.161 p>0.05 F(1,53)=7.55 p<0.01
Frustration (F) F(1,53)=0.0509 p>0.05 F(1,53)=0.956 p>0.05
Comfort Score (0-100) F(1,53)=4.57 p<0.05 F(1,53)=7.70 p<0.01
Sit-to-stand RMS (Xigear — Xmeas) paired t-test: p < 0.00001 N/A
Tracking RMS (Biarget — Omeas) paired t-test: p < 0.01 N/A

results agree with this previous study and suggest that self-
aligning mechanisms can improve the user’s performance with
a powered exoskeleton.

NASA TLX was used to assess the task load of the subjects
during the experiments. Our analysis shows that there are no
statistically significant differences in the NASA TLX ratings
between the Locked and Unlocked conditions. However, there
was a statistically significant difference in the Effort (E) rating
between the standing-up and tracking tasks. This shows that
the subjects perceive the tracking task to be more challenging
than the standing-up task.

Our results show that the presence of the self-aligning
mechanism (i.e., Unlocked condition) leads to a significant
decrease in the average values for Fx, Ty, and T, during both
standing-up and tracking tasks. (Fig. 4, Fig. 5). This reduction
is explained by the fact that the self-aligning mechanism
implemented in the Utah ExoKnee [9] comprises three pDOFs,
allowing translational movements along the X-axis (Fig. 2)
and rotational movements around the Y- and Z-axes. This
result shows that the proposed self-aligning mechanism has a
significant effect on spurious forces and torques. We expect
that regardless of the specific kinematics or mechanical
implementation, a self-aligning mechanism should be able
to achieve similar comfort and performance improvement,
provided it can show a similar reduction in spurious forces
and torques.

The averages of Fy and F, are similar for the Locked
and Unlocked conditions during the standing-up task but
not for the tracking task (Fig. 4(b), Fig. 5(b)). During the
tracking task, Fy and F, follow similar trajectories (Fig. 5(a)).
However, during the Unlocked condition, the data is offset
compared to the Locked condition. This variation in Fy and
F, between conditions may have been caused by the position
of the loadcell with respect to the active joint of the powered
exoskeleton - this position may change when the self-aligning
mechanism is in the Unlocked condition because the loadcell
can slide along the frame of the exoskeleton. Interestingly,
during the standing-up task, the average value of F;, is slightly
higher in the Unlocked than the Locked condition. With the

Unlocked system, only F, contributes to generating the desired
flexion/extension torque on the user’s knee. In contrast, with
the Locked system, both F, and Ty contribute to transfer
the desired knee flexion/extension torque to the user’s knee.
This result could mean a purer translation of torque between
the exoskeleton and the human limb during the Unlocked
condition.

B. Limitations

Our results show that the self-aligning mechanism imple-
mented in the Utah ExoKnee significantly improves comfort
and performance while reducing spurious forces and torques
during sit-to-stand and position tracking tasks. However, it is
not clear if these results can be generalized to other joints,
other tasks, or other powered exoskeletons. The self-aligning
mechanism in the Utah ExoKnee was designed to be partic-
ularly lightweight (190g, 5.3% of the overall device weight)
and small. It is possible that a larger and heavier self-aligning
mechanism would not produce the same results. Similarly, it is
possible that the application of self-aligning mechanisms to
other joints or to other tasks would not produce the same
results. To address this issue, we are currently investigating the
effects of a similar self-aligning mechanism in a powered hip
exoskeleton during walking [36]. Self-aligning mechanisms
have mostly been considered in the actuated plane. The Utah
ExoKnee has one pDOF that compensates for torque in a
non-actuated plane (T;). In addition, the interaction force
along the Y-axis (Fy) and the torque about the X-axis (Tx)
are not compensated by a pDOF in Utah ExoKnee. Our
results show that the addition of pDOFs in the actuated plane
is enough to significantly reduce the interaction forces and
torques. However, it is important to consider the variability
of the limb shape between users. Given the planar nature of
the mechanism, it should be possible to implement additional
pDOFs while transmitting torque in the sagittal plane, as done
in [5]. However, it is challenging to add pDOFs in other planes
in high-load transmission systems without increased structural
complexity, size, and weight.
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The self-aligning mechanism weighs 190 g, which is ~5.3%
of the overall exoskeleton mass [9]. While the added mass is
far from the center of mass, we believe it is too small to add
significant mechanical impedance to the exoskeleton.

During the experiments, the standing-up assistance mode
was manually activated by the experimenter. Although the
subject could decide when to stand up and stand-up at their
self-selected speed, it would be valuable for the exoskeleton to
automatically detect the user’s intention to transition into the
sit-to-stand mode, as previously done in powered prostheses
[37]. We expect that the standing-up controller used with
the powered exoskeleton may affect the user’s performance.
However, we do not expect the controller to affect the results
of the comparison between Locked and Unlocked conditions.

Although a thorough explanation of the NASA TLX ratings
was given to the subjects before they answered the question-
naire, subjects were often confused and seemed to find the
definitions unclear when applied to the tasks performed in this
study. Our observations suggest that the NASA TLX rating
scale may not be sensitive enough for the tasks performed in
this study. It would be beneficial to develop a rating scale
to assess the physical and mental effort during the use of
wearable robots.

In this study, we used a visual analog scale with the
lower and upper limits marked as 0 and 100. The subjects
were verbally informed about the meaning of the upper and
lower limits of the scale. Although this method has been
used before in rehabilitation [35], it has not been commonly
used with powered exoskeletons because the user’s comfort is
not typically assessed (Table I). Because no other study has
ever assessed comfort and performance with a self-aligning
mechanism in any population, we only recruited healthy
subjects. Future studies should examine whether comfort and
performance are improved in individuals with a physical
disability. Based on the results of this study, we plan to use the
self-aligning mechanism in future experiments testing sit-to-
stand assistance with hemiparetic subjects and robot-mediated
rehabilitation with individuals who underwent reconstruction
surgery of the anterior cruciate ligament.

VI. CONCLUSION

Powered exoskeletons aim to improve the movement ability
of their human users. To accomplish this goal, powered
exoskeletons must physically interact with the user safely
and comfortably. Misalignments between the exoskeleton’s
powered joint and the user’s anatomical joint have proved to
be a challenge because of the resulting undesired torque and
forces on the user’s limb. Our tests with 14 subjects standing-
up and performing a position tracking task with a powered
knee exoskeleton show that a self-aligning mechanism can
address the negative effects of the misalignment. With the self-
aligning mechanism, the interaction forces and torques up to
97%, the comfort increased by 15.3%, and the performance
improved by 38%. Thus, this study shows that lightweight,
compact, and robust self-aligning mechanisms can improve
both comfort and performance when using a powered knee
exoskeleton for high-torque, high-power tasks such as sit-

to-stand transitions and low-torque, low-power tasks such as
tracking the desired position under a virtual impedance field.
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