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Abstract

Background: Exoskeletons are working in parallel to the human body and can support human movement by exert-
ing forces through cuffs or straps. They are prone to misalignments caused by simplified joint mechanics and incor-
rect fit or positioning. Those misalignments are a common safety concern as they can cause undesired interaction
forces. However, the exact mechanisms and effects of misalignments on the joint load are not yet known. The aim of
this study was therefore to investigate the influence of different directions and magnitudes of exoskeleton misalign-
ment on the internal knee joint forces and torques of an artificial leg.

Methods: An instrumented leg simulator was used to quantify the changes in knee joint load during the swing
phase caused by misalignments of a passive knee brace being manually flexed. This was achieved by an experimenter
pulling on a rope attached to the distal end of the knee brace to create a flexion torque. The extension was not actu-
ated but achieved through the weight of the instrumented leg simulator. The investigated types of misalignments are
a rotation of the brace around the vertical axis and a translation in anteroposterior as well as proximal/distal direction.

Results: The amount of misalignment had a significant effect on several directions of knee joint load in the instru-
mented leg simulator. In general, load on the knee joint increased with increasing misalignment. Specifically, stronger
rotational misalignment led to higher forces in mediolateral direction in the knee joint as well as higher ab-/adduc-
tion, flexion and internal/external rotation torques. Stronger anteroposterior translational misalignment led to higher
mediolateral knee forces as well as higher abduction and flexion/extension torques. Stronger proximal/distal transla-
tional misalignment led to higher posterior and tension/compression forces.

Conclusions: Misalignments of a lower leg exoskeleton can increase internal knee forces and torques during swing
to a multiple of those experienced in a well-aligned situation. Despite only taking swing into account, this is support-
ing the need for carefully considering hazards associated with not only translational but also rotational misalignments
during wearable robot development and use. Also, this warrants investigation of misalignment effects in stance, as a
target of many exoskeleton applications.
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Background

Wearable robots for physical assistance and rehabilitation

are playing an increasingly relevant role in our societies.

The ageing population increases the need for technolo-
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domains can help address this need [1]. Many different
types of exoskeletons exist, along with a variety of appli-
cation areas and use cases.

Especially in the field of rehabilitation robotics, mis-
alignments are a common safety concern in exoskeleton
use [2, 3]. A mismatch between the user’s anatomical joint
and the exoskeleton joint can cause undesired interac-
tion forces, which in turn can reduce comfort and safety
[4, 5]. One can distinguish between two main causes of
misalignments: a kinematic mismatch between the exo-
skeleton joint and the anatomical joint and wrong posi-
tioning or fitting of the exoskeleton. A kinematic mismatch
between the exoskeleton joint and the anatomical joint is
unavoidable as anatomical joints are too complex in their
mechanics and kinematics to be perfectly mimicked by
exoskeleton joints [6]. Limited degrees of freedom (DOF)
in an exoskeleton can lead to misalignments during move-
ment. To take the knee joint (as one of the less complex
joints in the human body) as an example, its kinematics are
characterized by a translation of the axis of rotation with
increasing knee flexion [7]. This behavior is not replicated
by the hinge joints that are typically used as an exoskeleton
knee joint [5]. The micro-misalignments that are created
in the course of a knee flexion (or the movement of any
other joint supported by an exoskeleton) are therefore an
inherent hazard. Wrong positioning or poor fit of an exo-
skeleton can lead to larger misalignments as the exoskel-
eton joint axis might be considerably translated or rotated
with respect to the anatomical joint axis. As contempo-
rary robotic exoskeleton systems, unlike many orthotic
devices, are usually one-size-fits-all solutions, they can
only be adjusted to the user to a certain degree by e.g.,
changing the segment length and adjusting straps that are
used to attach the device to the user’s limbs. Careful uti-
lization of those adjustment options by trained experts is
vital to minimize misalignments. Inaccurate setting of the
exoskeleton segment lengths can cause a proximal/distal
translation of the exoskeleton joint axis with respect to the
anatomical joint. Another source of poor positioning can
be (potentially unsupervised) donning of the system by its
user. The exoskeleton joint might be positioned in a way
that its rotation axis is rotated with respect to the anatomi-
cal joint rotation axis. Moreover, deviations in soft tissue,
clothing worn under the exoskeleton, cushion thickness or
strap length could lead to the exoskeleton joint axis being
translated (in anteroposterior direction) with respect to
the anatomical joint axis. Misalignments can not only
lead to undesired forces and torques on the musculoskel-
etal system but also to increased pressure and shear at the
fixation points of the exoskeleton (e.g., cuffs), where a rela-
tively too long or too short exoskeleton segment will push
or pull on the user’s soft tissue [4, 7, 8]. Misalignments
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have previously been discussed as potential cause for bone
fractures in lower limb exoskeleton use [9, 10].

Recent research efforts have focused on the develop-
ment of misalignment compensation mechanisms [5, 6,
11]. Common strategies for misalignment compensation
include manual alignment, the use of compliant elements,
and the addition of kinematic redundancy. Manual align-
ment can reach good results but requires a trained per-
son and can be time-consuming and is only a valid option
if the exoskeleton joint’s mechanics are very similar to
those of the anatomic joint. Compliant elements either
at the frame and brace level or at the joint level can allow
for small compensatory movements and thereby reduce
the effects of small misalignments. Another option is to
add kinematic redundancy, i.e., to add more DOF. This
however often makes the device heavier and bulkier and
can introduce additional inertia to the system [5]. Litera-
ture on the effects of misalignments is scarce. Some stud-
ies investigated the effects of compensation mechanisms
on forces at the skin-cuff interface [12, 13] and one study
introduced a misalignment to a lower limb exoskeleton
to study the effects on gait [8]. Due to the limited amount
of studies, there is an overall lack of knowledge regarding
misalignments in wearable robots. This includes missing
information on the occurrence of adverse events caused
by misalignments, effects of misalignments on comfort
and safety of exoskeleton users, and acceptable levels of
misalignment. Assuming that misalignments cannot be
prevented completely, knowledge on acceptable levels of
misalignment not causing significant harm to the exoskele-
ton user is required. As a first step towards this knowledge,
the mechanisms behind misalignments and its influences
on forces acting on the body need to be better understood.

The aim of this study is to investigate the influence of
different directions and magnitudes of misalignments
on the forces and torques in the musculoskeletal system
using a dummy limb. The approach of using a dummy
limb with simple mechanics and readily available com-
ponents was chosen with the exoskeleton developer in
mind who is regularly confronted with the challenge of
testing and validating device safety. In addition to the use
in the present study, it can be a first step into develop-
ing a system that can be replicated by others that want
to assess effects of misalignments in their device. We
hypothesized that the forces and torques applied to the
knee joint during exoskeleton use are higher when a mis-
alignment is introduced compared with the well-aligned
situation. We investigate the effects of different direc-
tions of misalignment between the knee joint of a passive
leg simulator and the joint of a passive knee brace being
manually flexed. The investigated directions of misalign-
ment include a rotation around the vertical axis and a
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translation in anteroposterior as well as proximal/distal
direction.

Methods

A series of experiments was executed using an instru-
mented leg simulator (ILS) and a passive knee brace in
different alignment settings, which was manually flexed
by the experimenter. The apparatus and procedures are
explained in detail in the following sections.

Apparatus

The ILS has been specifically developed and built for this
study. It consists of two rigid segments which are con-
nected through a simple hinge joint and covered with a
compliant material to mimic soft tissue (Fig. 1). The rigid
part of the leg segments mimicking the bones consists of
two aluminum tubes of 22 mm diameter and 2 mm wall
thickness. The upper and lower segment are connected
through a simple hinge joint with a centered rotation axis
(Beukenholdt zeilmakerij, Leiderdorp, the Netherlands).
To measure the effects of misalignments with regard to
forces and torques on the musculoskeletal system, the
ILS is instrumented using a 6 DOF force and torque (FT)
sensor (ATI FT-Delta DI60-660, ATI Industrial Automa-
tion, Apex, North Carolina, USA), which is connected
to the bottom of the upper rod and the top of the joint
using custom 3D-printed parts. The soft tissue is mim-
icked by a hollow polyether foam rubber cylinder with a
specific gravity (SG) of 40, an inner diameter of 25 mm
and an outer diameter of 130 mm (Joan’s Comfortschuim
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BV, IJmuiden, the Netherlands). A circular weight is
attached to the distal end of the lower leg segment. The
total weight of the ILS is 4.2 kg and the lower leg weight
is 3.3 kg.

To mimic leg exoskeleton use in a simple way, we used a
passive semi-rigid knee brace (A. C. lite by DonJoy, DJO,
LLC, Lewisville, Texas, USA) with a polycentric joint and
straps above and below the knee, which is commonly used
to support knee ligament instabilities. The brace can be
attached to the ILS and then moved by the experimenter
by pulling on a string attached to the distal posterior strap
of the orthosis (see Fig. 1). To quantify the pulling force
that generates the flexion torque at the orthosis joint, a
tensile force sensor (Model No. 615, Tedea-Huntleigh,
Chatsworth, California, USA) is attached to the string.
The ILS is symmetrical and therefore does not have spe-
cific characteristics of a left or right leg. However, the used
knee brace is designed for the left leg and therefore the
ILS will be considered as a left leg simulator in this article.
The upper orthosis segment was mounted in a steel frame
to keep it in place. To avoid slipping of the ILS due to its
weight, its upper end was also fixed to the same frame.

Procedure

At the start of the experiment, the ILS and brace were
aligned as good as possible by an experienced researcher
based on visual assessment. They were positioned inside
the measuring volume of an 8 camera marker-based
optoelectronic tracking system (Vicon Nexus with 4
Vero and 4 Vantage cameras, VICON, Oxford UK). The
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Fig. 1 Overview of the setup. Left: Schematic representation of the setup and marker placement, lateral view. The ILS is shown in green, the
orthosis in blue, the frame in grey/black, the sensors in orange and the markers in yellow. Markers XULM2, FTFM, AxisMed, XULMJoint, XLLMJoint,
XLLM2 and LowerLegMed are not shown as they are placed on the medial side. Detailed information about marker placement can be found in the
Annex. Middle: Photos of the setup. Right: Visualization of internal rotational misalignment (A), posterior translational misalignment (B) and distal
translational misalignment (C) of a leg with respect to a knee brace, where the red dashed line and crosses represent the orthosis center of rotation
and the green dashed line and crosses represent the leg center of rotation
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apparatus was equipped with 33 markers (Fig. 1; details
about marker placement can be found in the Annex) to
define its segments and track their movement. The ten-
sile force sensor was connected to an analog input chan-
nel of the optoelectronic measurement system and the 6
DOF FT sensor was connected to a separate PC to record
the data via in-house developed software. A synchroniza-
tion signal was captured by both measurement systems
to enable offline synchronization.

The alignment settings were achieved by manually
moving the ILS with respect to the orthosis or rotating
its joint in the setup. We attempted to reach different
amounts of misalignment by visual inspection. The align-
ments were modified independently such that when one
direction of misalignment was modified, the other two
directions were kept at perfect alignment as far as that
was possible based on visual inspection. The exact align-
ment parameters were later calculated using the marker
data, to be used for analysis. For each of the alignment
settings, at least two trials were recorded with each trial
containing at least 10 knee flexions. The 10 knee flexions
were exerted by the experimenter pulling on the string
attached to the distal end of the orthosis. The extensions
were not actuated but achieved through the weight of the
distal ILS segment. The three directions of misalignment
were:

+ Rotational misalignment: A rotation of the knee
flexion axis with respect to the orthosis flexion axis
around the vertical (z-) axis. An alignment angle of
zero represents a perfect rotational alignment of the
two flexion axes, negative values correspond to an
internal rotation of the ILS knee joint with respect to
the knee brace joint and positive values correspond
to an external rotation of the ILS knee joint with
respect to the knee brace joint. We aimed for mis-
alignments in a range of £20 deg in steps of about
5 deg. From the ILS/patient perspective, negative
rotational misalignment values would correspond to
an external rotation and positive values to an internal
rotation of the brace.

+ Translational misalignment in anteroposterior direc-
tion: A horizontal displacement of the ILS joint (in
x-direction). A negative alignment distance repre-
sents a posterior translation of the ILS joint with
respect to the knee brace joint and a positive align-
ment distance represents an anterior translation of
the ILS joint axis with respect to the knee brace axis.
We aimed for misalignments in a range of 10 mm
in steps of 10 mm. From the ILS/patient perspective,
negative anteroposterior misalignment values would
correspond to anterior and positive values to a poste-
rior translation of the brace.

(2022) 19:13

Page 4 of 18

+ Translational misalignment in proximal/distal direc-
tion: A vertical displacement of the ILS (in z-direc-
tion). Negative values correspond to the ILS joint
being translated distally with respect to the knee
brace axis and positive values correspond to the ILS
joint being translated proximally with respect to the
knee brace axis. We aimed for misalignments in a
range of 20 mm in steps of 10 mm. From the ILS/
patient perspective, negative proximal/distal mis-
alignment values would correspond to proximal and
positive values to a distal translation of the brace.

For consistency, from this point onward, when using
the terms internal/external rotation, anterior/posterior
translation and proximal/distal translation, we refer to
the device perspective. Thus, an internal rotation means
that the ILS knee is rotated inwards with respect to the
brace joint, an anterior translation means that the ILS
knee is forward translated with respect to the brace joint,
and a proximal translation means that the ILS knee is
located higher than the brace joint.

We repeated the rotational misalignment trials in two
brace strap pressure settings to investigate whether this
has an effect on the outcomes in measured forces and
torques. As we were not able to measure strap pressure in
the current setup, we could only group by “tight straps”
and “loosened straps” In the “tight straps” setting, the
straps of the lower orthosis segment were pulled tight
so that the foam was compressed while in the “loos-
ened straps” setting the straps were closed without vis-
ibly compressing the foam with fully extended ILS. This
additional condition was only tested in the rotational
misalignment experiments since contrary to translational
misalignments, an adjustment of the rotational mis-
alignment did not require a re-attachment of the straps.
Therefore, the two distinct settings were only applicable
in the rotational misalignment session. The upper ortho-
sis straps remained at approximately the same strap pres-
sure during the entire experiment. For calibration, two
static trials were recorded in which the lower leg of the
ILS was hanging freely without the orthosis attached and
without any movements being executed.

Data processing and analysis

The marker data were processed and labelled in Vicon
Nexus 2.9.2 using a custom kinematic model and then
exported for further analysis in Python 3.7.4. All data
(marker data, FT sensor data, tensile force sensor data)
were filtered using a low-pass bidirectional Butterworth fil-
ter of 4th order with a cutoff frequency of 6 Hz. We used
the segment orientations to calculate the ILS and orthosis
flexion angles as well as the rotational alignment as defined
above. We did this by computing the rotation matrices of
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the lower segments in the local coordinate systems of the
upper segments and the rotation matrices of the ILS seg-
ments in the local coordinate systems of the orthosis seg-
ments respectively and computing the Euler angles. The
translational alignment in x- and z-direction (i.e., anter-
oposterior and proximal/distal alignment) was calculated as
the distance of the ILS knee joint center (midpoint of mark-
ers AxisMed and AxisLat) from the orthosis joint center
(midpoint of markers XULMJoint, XULLJoint, XLLM]Joint
and XLLL]Joint). To extract one single alignment value per
trial and misalignment type, we took the mean of the con-
sidered alignment parameter in the static situation before
the first knee flexion (i.e., from the beginning of the trial
to the point where the ILS flexion angle increases to more
than 120% of the initial ILS flexion angle).

FT sensor data were corrected by subtracting the offset
values obtained from the calibration recordings. The off-
set values were achieved by calculating the means of the
FT sensor recordings from one of the calibration trials and
then subtracting the lower leg weight from the Fz value.
The offset values were subtracted from the FT sensor data
for the entire time series of each trial before any further
processing. The forces and torques at the ILS joint location
were calculated from the recorded forces and torques at
FT sensor location and the distance between the FT sensor
reference frame origin and the ILS joint sensor. With the
assumption that the part of the setup between the ILS joint
and the FT sensor is rigid, we used the mean of the vertical
distance (z-direction) in the static situation before the first
flexion, similarly to the alignment calculations. We further
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assumed that the distance in x and y direction was zero due
to the ILS design. This resulted in the following formulas:

Mysensor

ijoint = Fxsepsor + ————
Dz

Mxsensor
F}’joint = Fysensor — Dz

szoint = Fzsensor

ijoint = Mxsensor + DzF¥sensor
Myjoint = MYsensor — DzFXsensor
Mzjoint = MZsensor

where FXgensors Fsensor and Fzgesor are the forces meas-
ured by the FT sensor, MxXsensors MYsensor and Mzgeysor are
the torques measured by the FT sensor and Dz is the ver-
tical distance between the ILS joint center and FT sen-
sor reference frame origin. Dz is negative as the ILS joint
center is located below the FT sensor (Fig. 2). For read-
ability, Fxjoint, Fyjoint and Fzjoin: will be referred to as Fx,
Fy and Fz and Mxjoint, Myjoins and Mzjoins will be referred
to as Mx, My and Mz.

The flexion torque at the orthosis joint applied by the
experimenter pulling on the string was calculated as
follows:

T=rcospF

where r is the distance between the orthosis joint center
(midpoint of markers XULLJoint, XULM]Joint, XLLL-
Joint and XLLM]Joint) and the origin of the lower orthosis
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Fig. 2 Schematic representation of the setup and measures used for calculating the forces and torques at the joint location as well as the actuation
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segment (midpoint of markers XLLL2 and XLLM2), F
is the force measured by the tensile force sensor and ¢
is the angle between the actual tensile force vector and
the force vector F’ acting perpendicularly to the lower
orthosis segment. It is calculated as the angle between
the z-axis vector of the lower orthosis segment and the
force vector of the tensile force (i.e., vector from XLL-
RopeAttachment marker to midpoint between all four
1D_ForceSensor markers) projected onto the x—z-plane,
minus 90 degrees (Fig. 2).

For comparison between trials, we extracted peak
forces (FXpeaio FYpealo FZpeal) and torques (Mx,eai0 Mypeio
Mz,,,) per repetition of the flexion/extension cycle for
each of the trials. This was achieved by detecting the
peaks in flexion torque, then slicing the data halfway
between those peaks and finding the index of maximum
absolute deviation from the starting value per force/
torque component and slice. The ILS joint forces and tor-
ques at those indices were then extracted as peak forces/
torques per repetition and trial. The means and standard
deviations of all peaks per trial were later calculated to
provide a better overview. Furthermore, peak flexion tor-
ques at the orthosis joint and peak ILS flexion angles per
repetition were extracted.

The relationships between the following parame-
ters were analyzed statistically employing a regression
analysis:

— Misalignments and peak forces/torques at the ILS
joint

— peak ILS flexion angle and misalignments

— Misalignments and peak manually applied flexion
torque

For the analysis of misalignments and peak forces/torques
at the ILS joint, we performed both a regression analysis of
only absolute values to assess relationships between abso-
lute misalignment and absolute joint load, and a regression
analysis of the original values to also take the direction of
misalignment as well as forces/torques into consideration.
Regression lines with R-squared values larger than 0.7 are
reported and considered as strong relationships. If no lin-
ear regression reaching this target was found, a 2nd degree
polynomial regression analysis was performed with the
same target R-squared. We employed a significance level of
0.05 for the probability of the F-statistic.

Results

We recorded and analyzed 22 rotational misalignment
trials ranging from 13 deg internal rotation to 19 deg
external rotation, 6 anteroposterior translational mis-
alignment trials ranging from 4 mm posterior to 14 mm
anterior translation of the ILS joint center and 12
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proximal/distal translational misalignment trials ranging
from 23 mm distal translation to 12 mm proximal trans-
lation of the ILS joint center. Please note that two aligned
trials were used in both the rotational misalignment
and anteroposterior translational misalignment analysis
(marked in Tables 2 and 4).

Figure 3 shows a typical trial in an aligned setting, in
which the ten repetitions of flexion and extension are
clearly visible from the flexion torque and ILS joint angle
data. As expected, while all torques as well as the forces
in y- and z-direction stay close to zero throughout the
trial, there is a clear increase of force in negative x-direc-
tion (i.e., the direction of the pulling force) with each ILS
flexion.

Effects of misalignments on joint forces and torques

The results of the effects of all three investigated direc-
tions of misalignments are presented in the following
sections.

Rotational misalignment
With a larger degree of rotational misalignment, higher
absolute peak forces and torques were observed for Fy,
Mx, My and Mz, when only looking at amount of mis-
alignment, regardless of the direction of misalignment
(Table 1). When considering a more detailed picture
including direction of misalignment, we can also see that
rotational misalignment clearly has an effect on joint
forces in x- and y-direction (Fig. 4). The peaks in negative
x-direction around maximum flexion increase in magni-
tude with increasing rotational misalignments in both
directions. A hysteresis is visible with a close to linear
buildup of the force which is then released quickly with
a large part of the force reduction happening before ILS
joint extension. Joint force in y-direction is increasing
with increasing joint angle when there is an external rota-
tion misalignment and decreasing with increasing joint
angle when there is an internal rotation misalignment.
As mentioned above, the absolute peaks increase with
increasing amount of misalignment in both directions.
The pattern of joint force in z-direction varies per trial and
the peaks do not show a clear relation with misalignment.
Joint torques around the x-axis are increasing in posi-
tive direction with increasing joint angle when there is an
external rotation misalignment and increasing in nega-
tive direction with increasing joint angle when there is an
internal rotation misalignment. Joint torques around the
z-axis show a similar pattern in the opposite direction.
Torques around the y-axis have peaks at around maximum
flexion that strongly increase with increasing amount of
misalignment in both directions. Trials with larger mis-
alignments show a steeper increase in joint forces (except
in z-direction) and torques with increasing flexion angle.
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Table 1 Results of regression analysis for absolute values of misalignment and joint forces/torques

Misalignment |Fxpeak| |preak| |szeak| IMxpeakl |Mypeak| IMZpeakl
rotational - y=2.20x~+3.82; y=023x4008;R?=092 y=020x—0.17; y=0.16x+0.12;
R?=0.84 R?=0.86 R?=0.89

Translational anteroposterior y=— 0.19x* 4+ 6.46x+97.52; — y=0.06x4-0.08; R?=094 - -
R’=0.70

Translational proximal/distal - - _ - _ _

In the regression equations, x is the absolute amount of misalignment (in degrees for rotational misalignment and in mm for translational misalignments) and y is
the outcome measure as indicated in the top row in N or Nm respectively. A dash indicates that first and second degree polynomial fits did not meet the criterium of
R?>0.7. All p-values were p<0.01

Especially the trials with large misalignments show a very
strong hysteresis; after a steady buildup of force or torque,
there is a sudden drop at maximum flexion.

The means and standard deviations of the peak forces
and torques per flexion/extension cycle and the amount
of rotational misalignment per trial are shown in Table 2.
Similar to the outcomes regarding the absolute misalign-
ment values, the analysis concerning directions of mis-
alignment revealed a positive linear regression between
the amount of rotational misalignment and peak Fy
( Fypeak = 2.61Alignment,o; — 3.63; R*=0.95;p < 0.01)
as well as peak Mx (Mxyeqx = 0.24Alignment,o; — 0.26; R?

=0.98; p < 0.01). For the relationship between the
amount of rotational misalignment and peak My, we
found a 2nd degree polynomial fit (Mype. = 0.01
Alignment?, + 0.02Alignment,,;; R* = 0.90; p < 0.01 )
and for the relationship between the amount of rota-
tional misalignment and peak Mz, we found a nega-
tive linear regression (szeak = —0.16Alignmentmt)

(—0.18; R* = 0.92; p < 0.01).

Effects of strap pressure
In the present data, the different levels of strap pressure
did not have an effect on the ILS joint peak forces and
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Table 2 Peak forces and torques presented as M (SD) per rotational misalignment trial

Rotational FXpeak [N] FYpeak [N] FZpear [N] Mx o [Nm] My o [Nm] Mz, [Nm]
alignment [deg]

- 129 —1273(82) —41.6(3.0) 6.5(85) —3.63(021) 1.58 (0.09) 237(0.22)
- 107 — 1435 (7.5) —369(19) 14.0(1.8) —332(0.12) 1.61(0.13) 248 (0.24)
—9.0% — 140.1(6.7) —344(24) —-3122) —283(0.15) 1.01(0.03) 51(0.16)
— 8.1 — 1409 (9.2) —33.1(1.8) 1.2(6.9) — 2.68(0.06) 0.97 (0.04) 1.47(0.13)
—35% —1272092) —123(21) —12(1.0) —0.83(0.07) —0.29(0.02) —0.23(0.02)
—3.0% — 1267 (6.0) —127(15) 4.0 (8.5) —0.74 (0.02) —0.27(0.01) —0.23(0.03)
— 18~ —1196(5.2) —7.7(0.7) 6.5(6.7) —0.34(0.03) —0.21(0.01) — 026 (0.02)
- 16~ —1134(76) —5.9(0.6) 10.8(0.7) —0.32(0.04) —0.20(0.01) —0.27 (0.04)
-10 —108.7 (47) —29(13) 9.2(1.5) —0.20(0.02) —0.19(0.01) —0.30 (0.04)
—0.5% —129.8(6.8) 50.7) —-85(1.2) —0.11(0.03) —0.06(0.01) —0.24(0.08)
-0.1 —987(37) 9(0.7) 12.8(1.5) —0.22(0.02) —0.17(0.02) —0.36 (0.05)
—-0.1% —96.7(5.5) 1(0.8) 195(1.6) —0.01(0.06) —0.10(0.14) —0.24(0.03)
0.3% 120.9 (22.8) 2932 —35(11.6) —0.09(0.07) 0.06 (0.05) —0.21(0.15)
1.8% —77.1(12.1) 70(1.0) 275(3.) 0.20(0.12) 0.29(0.03) —0.29(0.05)
4.3% 127.8(5.7) 148(2.2) —-6.1(14) 1.00 (0.08) 0.64 (0.07) —1.00(0.17)
4.8% —129.9(123) 137 (14) —53(09) 0.97 (0.06) 0.66 (0.08) —1.00(0.17)
10.2% — 1486 (4.9) 214(1.2) —-52(22 2.17(0.05) 201 (0.11) —2.08(0.16)
12.6% 147.6 (4.1) 27.5(33) —44(12) 241(0.22) 2.00(0.07) —224(022)
132 — 1499 (5.5) 27.0(1.7) 17501.7) 295(0.11) 2.77(0.16) —222(0.19)
16.1% —1675(45) 38.5(2.5) 224 (3.5) 3.78(0.22) 4.54(041) —3.24(032)
16.2 — 1486 (4.5) 32.8(29) 143(1.9) 3.21(0.16) 2.94(0.17) —2.22(0.20)
18.6* —1433(12.8) 384(3.3) 6.7 (13.5) 3.77(0.27) 3.67(0.51) — 2.68(0.56)

Trials marked with * in the first column were the trials with increased strap pressure. Trials marked with ~ in the first column were also used in the anteroposterior
translational misalignment analysis
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torques. The regression for the pooled data (tight and
loose straps) explained at least the same proportion of
the variance as the least performing regression of the two
data subsets (Table 3).

Translational misalignment in anteroposterior direction

As the current setup does not allow for easy translation of
the orthosis in anteroposterior direction, only three differ-
ent levels of anteroposterior alignment could be achieved
(see Table 4, note that each misalignment setting was
measured twice and there are slight variations in measured
amount of misalignment in those two repetitions per set-
ting). With a larger degree of anteroposterior misalignment,
higher absolute peak forces and torques were observed for
Fx (2nd degree polynomial fit) and Mx (linear fit), when
only looking at amount of misalignment, regardless of the
direction of misalignment (Table 1). When considering a
more detailed picture including direction of misalignment,
this pattern is confirmed in Fx, showing a higher absolute
peak force and stronger hysteresis with larger misalignment
(Fig. 5). Fy is low overall, stays almost constant across the
flexion/extension circle and varies slightly in starting val-
ues in the different conditions. The starting values of Fz
are influenced by the misalignment in an opposite manner
than those of Fy. The shapes of the curves clearly differ in
the different alignment settings showing a positive peak
at maximum flexion in the posterior translation setting
and a positive peak at maximum extension and a negative
peak at around half of the maximum flexion in the anterior
translation setting. Mx shows only little variation in the
aligned and posterior translation settings and a decrease

(2022) 19:13
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with increasing flexion in the anterior translation setting.
A tendency for positive peaks in posterior translation mis-
alignment and negative peaks in anterior translation mis-
alignment is visible. My and Mz show comparable behavior
in all settings covering a small torque range.

Regression analysis of the peak forces and tor-
ques (Table 4) resulted in a negative linear relation-
ship between anteroposterior translation and peak Fy
( Fypeak = —1.07Alignmentyansap + 2.27; R> = 0.75; p < 0.01),
peak Mx (Mxyeux = —0.07Alignmentsransap + 0.01; R> = 0.97; p < 0.01)
as well as peak My (Mypeqx = —0.05Alignmentyransap
+0.13; R? = 0.88; p < 0.01).

Translational misalignment in proximal/distal direction

For proximal/distal translational misalignment, there
were no relationships (with R?>0.7) between amount of
misalignment and absolute peak joint forces or torques,
when only looking at amount of misalignment, regard-
less of the direction of misalignment (Table 1). When
looking at the ILS joint forces and torques over the flex-
ion/extension cycle in all proximal/distal translational
misalignment settings (Fig. 6), a more nuanced pic-
ture is observed. Fx shows an increase of absolute peak
force and hysteresis with larger misalignments, while Fy
shows little change over the flexion/extension cycle but
a slight variance in starting values. The starting values
and shapes of Fz curves vary per trial with a tendency
of more pronounced negative peaks and hysteresis in
the proximal translation trials. Joint torques show lit-
tle variance among the trials, except for the two trials at
approximately 12 mm distal translation showing higher

Table 3 Results of regression analysis for tight straps, loosened straps and both conditions pooled

Condition FYpeak MxXpeak

MYpeak szeak

y=261x — 299, R?=0.94
y=2.56x — 5.03;R*=097
y=261x —373;R°=095

tight straps
loosened straps
pooled (both)

y=024x — 025;R*=0.98
y=024x — 027;R*=0.98
y=024x — 0.26;R?=0.98

y=001x*40.03x+0.12; R? =0.89
y=001x>4001x — 0.11;R2=0.94
y=0.01x*40.02x+0.05; R? =0.90

y=—0.16x — 0.26;R?=0.92
y=—0.17x — 007;R*=09]
y=—0.16x — 0.18;R*=092

In the regression equations, x is the amount of rotational misalignment in degrees and y is the outcome measure as indicated in the top row in N or Nm respectively.

All p-values were p<0.01

Table 4 Peak forces and torques presented as M (SD) per anteroposterior translational misalignment trial

Translational alignment FXpeak [N] FYpeak [N] Zjeak [N] Mx ok [NM] My o [INM] Mz, [Nm]
anteroposterior [mm]

—40 —1135(49) 7.1(3.0) 31.1(1.2) 0.27(0.02) 0.33(0.04) —033(0.09)
—25 —1238(43) 102(1.1) 324(1.1) 027 (0.04) 043 (0.04) —045(0.07)
39~ —1134(76) —59(06) 108 (0.7) —0.32(0.04) —0.20(0.01) —0.27(0.04)
43~ —1196(52) —77(0.7) 6.5(6.7) —034(0.03) —021(001) —0.26(0.02)
15 —1552(6.2) —105(1.1) —276(27) —0.91(0.03) —044(0.01) —041(0.15)
14.4 — 1454 (6.4) —9.0(0.9) 6.4(24.9) —0.90(0.04) —044(0.03) —0.38(0.09)

Trials marked with ~in the first column were also used in the rotational misalignment analysis
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positive peaks in all directions, in y-direction together
with the trials in strongest distal translation (approxi-
mately 22 mm).

Despite the lack of a relation between absolute
amount of misalignment and peak forces/torques, when
taking the direction of misalignment into account a
relation did become evident. Regression analysis of the
peak forces and torques (Table 5) revealed regression
with R-squared larger than 0.7 in Fx (Fxpes =
—0.04Alignment?,, pp, + 0.81Alignmentsranspp — 98.83;
R*=075p<001) and Fz ( Fzpeq =—-171
Alignmentyyanspp — 10.8; R? = 0.76; p < 0.01).

Change of misalignment during flexion

To assess whether and how the amount of misalignment
changes in the dynamic situation during flexion and
extension of the ILS and orthosis setup, this behavior is
shown in Fig. 7 for all three types of misalignment. The
amount of misalignment is lower at maximum flexion
than at maximum extension. In proximal/distal trans-
lational misalignment, there is little change among the
repetitions of the flexion/extension cycle and some trials
show a more distal position of the ILS joint at maximum
flexion. In addition to that, especially in the stronger
rotational misalignment settings and in the strongest
anterior translational misalignment setting, a reduction

of the misalignment in the first flexion/extension cycle
can be observed.

Effects of misalignment on manually applied flexion
torque and maximum flexion angle

The administered flexion torque at the orthosis joint
over the ILS flexion angle in all misalignment settings
is shown in Fig. 8. In the translational misalignment
settings, there is no visible effect of misalignment on
the required flexion torque. The rotational misalign-
ment plot shows a tendency for increased maximum
torque and/or a decreased maximum flexion angle in
settings with larger misalignments. Regression analy-
sis revealed no relationship between amount of mis-
alignment and peak torque, but did reveal a relation of
decreased maximum flexion angle with increased rota-
tional misalignment, which however does not meet the
criterium of R?>0.7 for strong relationships set for this
study (LegFlexionAngleyeq = —0.04Alignment?, — 0.07
Alignment,,; + 60.68; R* = 0.62; p < 0.01).

Discussion

In this article, we mimicked the use of an exoskeleton and
analyzed effects of different amounts and directions of
misalignment using an ILS and a passive knee brace that
was manually actuated, revealing an increasing load on
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Table 5 Peak forces and torques presented as M (SD) per proximal/distal translational misalignment trial

Translational alignment FXpeak [N] FYpeak [N] FZjeak [N MxXeai [NM] My peai [Nm] Mz, [Nm]
proximal/distal [mm]

— 226 —1365(7.3) 23(1.0) 216(22) 0.24 (0.01) 0.24 (0.03) —0.2(0.04)
— 221 —138.1(4.5) 2.1(08) 209 (2.1) 0.06 (0.02) 0.22(0.02) 8(0.02)
—-118 —122.7(10.2) 54(1.8) 194 (2.2) 044 (0.12) 0.35(0.05) —0.28(0.07)
—-117 —1166(7.1) 8724 20.0 (2.1) 0.51(0.03) 3(0.02) —0.29(0.06)
— 46 —103.1 (5.6) —14(1.0 —54Q2.7) 0.08 (0.01) — 0.09 (0.06) 5(0.05)
—40 — 1026 (4.9) —1.0(0.6) —7.2(09) 0.06 (0.02) —0.11(0.07) —0.2(0.05)
—36 — 1054 (83) —-35(12) —-23(12) 0.11 (0.05) 0.04 (0.03) 2(0.06)
—3.2 —973(15.8) —-12(338) 0.5(1.9) 0.23(0.07) 0.07 (0.03) 6 (0.08)
36 —929(47) —24(06) —222(21) 0.03(0.02) —0.19(0.01) —0.32(0.09)
4.8 —898(7.3) —23(1.0 —25.1(1.9) 0.05(0.02) —0.02(0.13) —026(0.12)
1.1 — 957 (3.6) 24 (0.5) —50.2(2.0) 0.28 (0.03) —0.29(0.04) —0.39(0.07)
121 —100.7 (5.8) 2.0(0.8) —-11.001.8) 0.28 (0.02) —0.19(0.14) — 036 (0.09)

the joint with increasing misalignment, supporting our
hypothesis. More specifically, an increase in rotational
misalignment around the vertical axis resulted in higher
absolute forces in mediolateral (y-) direction as well as
higher absolute torques around all three axes. The statis-
tical analysis of translational misalignments and resulting
joint forces and torques gave different results when testing
only absolute values than the analysis of values considering

the directions of misalignment and load. This is an indica-
tion that the effects on joint forces and loads are not sym-
metrical in translational misalignments, as opposed to
rotational misalignments where both analyses resulted in
the same relationships. Considering only absolute values,
increased anteroposterior translational misalignment leads
to increased absolute peak forces in anteroposterior direc-
tion and increased absolute peak ab-/adduction torques.
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Considering the directions of misalignment and load,
an increase in translational misalignment in anteropos-
terior direction resulted in higher absolute peak forces
in mediolateral direction as well as higher ab-/adduction
and flexion/extension torques. An increase in transla-
tional misalignment in proximal/distal direction resulted
in higher absolute forces in anteroposterior and vertical
direction when considering directions of misalignment
and forces/torques, even though no relationships were
present regarding only the absolute values.

To the best of our knowledge, this is the first study show-
ing the relative effect of different directions and amounts
of misalignment on joint loads. Previous research using
similar knee braces found increased forces in the brace
hinge [14] but no significant differences in kinematics
[15] with translational misalignment. In those studies, the
braces were worn by human subjects and not actuated
through any external force application. A cadaver study
found that while the well-aligned brace reduced the strain

on the anterior cruciate ligament, the misaligned situa-
tion showed an increased strain compared to the unbraced
knee [16]. Despite the difference in research question and
approach, with the present study using this passive knee
brace to simulate a powered exoskeleton, the findings of
the cadaver study are along similar lines as our outcome of
an increasing joint load with increasing misalignment.
Among the rotational misalignment trials, the mean
absolute peak force in anteroposterior (x-) direction
was highest in a trial with 16.1 deg external rotation of
the ILS joint and was 0.7 times or 90.5 N higher than the
mean absolute peak forces at close to optimal alignment
(0.1 deg internal rotation). The same trial resulted in the
highest mean absolute peak torques in all three direc-
tions with peak Mx (ab-/adduction) being 3.8 Nm or
377 times higher, peak My (flexion/extension) being 4.44
Nm or 44 times higher and peak Mz (in-/external rota-
tion) being 3 Nm or 12.5 times higher than in the aligned
trial. The mean absolute peak force in mediolateral (y-)
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direction was highest in a trial with the strongest internal
rotation (12.9 deg) and was 415 times or 41.5 N higher
than in the aligned setting. None of the highest peak
forces or torques recorded were associated with the trial
with strongest external rotation (18.6 deg). While this is
counterintuitive, it might be related to the reduction of
misalignment within the first flexion of that trial lead-
ing to a lower effective misalignment comparable to the
following trial which was the trial with the highest peak
values in Fx, Mx, My and Mz. Remarkably, the lowest
mean absolute peak force in anteroposterior (x-)direc-
tion was observed in a trial with 1.8 deg external rotation
and not at the most accurately aligned trial (M (SD) of
77.1 N (12.1 N), which was approximately 20 N higher
than at best rotational alignment). This might be due to
the fact that the string used for applying flexion torque to
the orthosis ripped at the end of the previous trial, which
in turn led to a change in anteroposterior alignment
(0.7 mm posterior translation while the mean across all
rotational misalignment trials was 3.5 mm (SD 1.3 mm)
anterior translation. Moreover, the maximum absolute
mean peak forces and torques were not observed at the
trials with the strongest misalignments, which might
indicate that there is a saturation of maximum forces and
torques at very large misalignments. This could be con-
firmed by testing a larger range of misalignments.

Concerning anteroposterior translational misalign-
ment, the ranges of observed mean peak forces and
torques were considerably lower than those observed
in rotational misalignment. Similarly, the observed dif-
ferences in mean absolute peak forces in the transver-
sal plane (x- and y-direction) were lower than those
observed in rotational misalignment. Both peak abso-
lute Fx and peak absolute Fy were highest in a trial with
11.5 mm anterior translation of the ILS joint and low-
est at 3.92 mm anterior translation with a difference of
41.8 N and 4.6 N respectively (being 0.4 times and 0.8
times respectively higher than the lowest observed mean
absolute peak forces). The maximum and minimum
mean absolute peak ab-/adduction and flexion/extension
torques only varied by 0.64 Nm and 0.24 Nm respectively.

In the proximal/distal translational misalignment, the
ranges of forces and torques were comparable to those
in anteroposterior translational misalignment. The
observed differences in maximum and minimum mean
absolute peak forces in anteroposterior (x-) direction
were also comparable to those observed in the anteropos-
terior translational misalignment trials with 48.3 N (0.5
times higher at 22.1 mm distal translation than the lowest
values, observed at 4.8 mm proximal translation). Mean
absolute peak forces in z-direction varied by 49.7 N, the
result at 11.1 mm proximal translation being 111 times
higher than that at 3.1 mm distal translation.
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Overall, we observed much higher peak forces in medi-
olateral direction, as well as torques in all three planes in the
rotational misalighment settings than in the translational
misalignment settings. Although it is impossible to relate a
certain amount of rotational misalignment to translational
misalignment, we observed that rotational misalignments of
approximately 10 deg resulted in much higher peak forces
in mediolateral direction and peak torques in all planes than
translational misalignments of 10 mm in any direction. Peak
forces in anteroposterior direction showed similar increases
in all types of misalignments. Further, the R%-values, spe-
cifically in regression of rotational misalignment versus joint
forces and torques were very high with values equal to or
larger than 0.9, indicating that a large portion of the varia-
tion in ILS joint force and torque results can be explained
by differences in misalignment. While clinicians anecdo-
tally report proximal/distal translational misalignment as
being the biggest problem in practice when using lower limb
exoskeletons, the results of this study show that rotational
misalignments can also cause a substantial increase in forces
and torques and that those effects should not be neglected.
As such rotational misalignments can be caused in practice
by unprecise positioning of the exoskeleton, limited DOF
compared to human motion, or in patients with rotational
deformities, their effects should be considered in the risk
management process during exoskeleton development, in
addition to the perhaps more obvious translational mis-
alignments. The impact of both translational and rotational
misalignments depends on the mechanics of the exoskel-
eton under consideration as compliant parts can alleviate
effects of misalignments [5].

We found a reduction in maximum flexion with
unchanged flexion torque in stronger rotational misalign-
ments. Furthermore, the amount of misalignment showed
a tendency to reduce with increasing flexion during the
movement in rotational and anteroposterior misalign-
ments. Since the applied flexion torque as well as forces
and torques in the ILS joint increased with increasing flex-
ion, it is indicated that the setup of ILS and orthosis was
forced into a more aligned position. This can be attrib-
uted to (1) the compliance of orthosis frame and cuffs; (2)
the compliance of the soft tissue; and/or (3) slipping of
the orthosis cuffs. While this reduction of misalignment
was reversed for the most part during extension, a small
amount of misalignment reduction occurring in the first
flexion/extension cycle was irreversible, specifically with
large misalignments. This indicates that at least some of
the misalignment reduction can be attributed to slipping
or unreversed deformation of soft tissue, which can cause
soft tissue injuries upon prolonged or repeated use. In
future research, the behavior of the amount of misalign-
ment over time could be further analyzed as it might be an
additional indicator for increased load caused by increased
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misalignment. The exact effects of misalignments at a soft
tissue level were not the focus of this study. They should
however be investigated in future studies to increase the
understanding of misalignments as a hazard in exoskel-
eton use. Furthermore, the observed levels of forces and
torques should be related to comfort and safety of the user,
providing robot developers with important knowledge on
risks and potential mitigation strategies.

There are some limitations to the setup used in this
study. The weight of the ILS (4.2 kg) is clearly lower than
a human leg’s weight, which is approximately 16% of the
total body weight [17]. However, for the force and torque
measurements during swing, only the weight of the
lower leg segment is of relevance which, due to the cir-
cular weight at its distal end, accounts for most of the ILS
weight with 3.3 kg. This would approximately correspond
to the weight of the shank and foot of a person weighing
57 kg, although the weight distribution is not realistic as
the major part of the weight is placed at the distal end of
the ILS [17]. The weight in connection to the procedure
used for adjusting the alignment might have caused addi-
tional limitations. Force in proximal/distal direction did
not show clear trends linked to rotational or anteropos-
terior translational misalignments and showed a remark-
able variation in starting values of each trial. Those
starting values might have been influenced by a pre-ten-
sioning effect caused by the amount of force with which
the lower leg was pushed upwards by the experimenter
during performing misalignment adjustments. A higher
or lower starting value might further influence the ana-
lyzed peak values of Fz. These effects could be reduced
in future experiments by trying to support the lower ILS
weight in the same way during each adjustment. More-
over, the upper end of the upper leg rod and the upper
orthosis segment were fixed to mimic a situation in
which both the subject’s hip joint and the upper ortho-
sis segment remain in one position and to avoid slip-
ping down of the ILS. In a realistic situation however, the
exoskeleton and its wearer would either move through
the room or the exoskeleton would be fixed at hip level,
such as in a stationary robotic gait trainer, which would
enable the human leg segments and the knee joint to
move in the room. Weight effects are therefore not accu-
rately reconstructed. In addition to that, we are simulat-
ing the situation during swing and are not considering a
weight bearing situation, which would increase the forces
on the musculoskeletal system considerably, especially
during sit-to-stand movements [18]. This is supported
by a report of a tibia fracture in exoskeleton use which
occurred during sit-to-stand motion after an unexpected
shutdown that likely caused a misalignment [10]. Those
limitations however had to be accepted for the sake of
practical feasibility of the setup.
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Another aspect of the ILS, which is only a very limited
and simple simulation of a real leg, is the soft tissue. We
used a polyether foam rubber cylinder SG 40 which mim-
ics the softness and friction of human tissue to some extent
but we did not perform any tests to assess how well the real
situation can be approached using this material. Also the
cylindric shape is a very simplistic approach of recreating
the shape of a human leg, however often used as a repre-
sentation of human body segments, including in technical
standards [19]. The effect of the soft tissue characteristics
on the outcomes is unknown. However, the reduction of
misalignment magnitude during ILS flexion suggests some
soft tissue compliance effects and the hysteresis observed
in loads might be a sign for soft tissue compression [20]. It
would therefore be interesting to explore other approaches
for mimicking soft tissue, such as those suggested in litera-
ture and standardization [21-23], to better understand the
effect of different soft tissue characteristics. In addition to
that, the joint that was used for simulating the human knee
is a simple hinge with a centered axis of rotation, which does
not reproduce the translation of the axis of rotation or the
tibiofemoral rotation characterizing an anatomical knee
joint [7, 24]. Micro-misalignments caused by the kinematic
mismatch between anatomical joint and exoskeleton joint
can therefore not be assessed using the current setup. For
example, the external rotation of the tibia with respect to
the femur accompanying the final 20 degrees of extension
in a human knee [24] would lead to a more pronounced
misalignment with an external rotational misalignment and
thereby to stronger effects on the load. In the present study,
the load increase within the first 20 degrees of flexion was
low. However, in a weight bearing situation those effects
might be more pronounced. Furthermore, the current setup
does not allow quantifying the strap pressure which might
in theory have an effect on the behavior and resulting forces
and torques. Specifically in translational misalignment tri-
als, where the straps had to be re-attached after each adjust-
ment, the varying and non-standardized strap pressures
could be a concern. However, a comparison of rotational
misalignment effects with very tight and loosened straps
resulted in no clear differences. Assuming that the effect
of varying strap pressures would also be negligible in other
misalignment conditions, we can have increased confidence
that the required re-attachment of straps did not affect the
results in the translational misalignment trials. Therefore,
despite the discussed limitations of the set-up itself, these
factors should not affect analysis of the differences between
different misalignments. It does, however, hinder generali-
zation of the results to real-life situations in terms of abso-
lute forces/torques.

Other limitations are connected to the use of a passive
orthosis instead of an active exoskeleton. The orthosis used
in this study is a passive knee brace commonly used for
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providing stability after knee joint ligament injuries. Its exact
kinematics and stiffness might differ from the behavior of
exoskeletons which affects the generalizability of the results.
The same amounts and directions of misalignments might
lead to different changes in joint load when other devices are
considered, due to variations in joint kinematics and compli-
ance [5]. As each exoskeleton design and mechanical prop-
erties vary per device, a degree of uncertainty will remain.
We replaced the actuation of an exoskeleton with a pulling
force exerted on the lower orthosis segment by an experi-
menter. This is a simple and effective method of mimicking
exoskeleton actuation but it underlies some uncertainties
and variations. We observed a reduced maximum flexion
with increased rotational misalignment against unchanged
maximum flexion torque at the orthosis joint. The same
flexion torque was therefore reached at lower flexion angles
with higher misalignments. The experimenter likely felt the
resistance and did not pull harder to reach the same flexion
angle but instead kept the maximum pulling force relatively
constant. Forcing the same flexion angle in all conditions
would better mimic the behavior of an exoskeleton with tra-
jectory control and might have led to higher absolute peak
forces and torques. A standardization of the peak flexion
angle using an electro-goniometer or a static indicator for
the desired lower leg position could be considered for future
research. However, such an approach might cause breakage
of certain setup parts and the current approach, while more
subjective and prone to variation, might mimic the torque
control of an actuated exoskeleton. Another limitation is
connected to the calculation of misalignment magnitudes.
As the resting state before the first flexion was used to obtain
the misalignment values per trial and misalignment was
often irreversibly reduced during the first flexion/extension
cycle, the amount of misalignment might better be calcu-
lated based on the situation after a few flexions or at the end
of a trial. It is however relevant to note that this reduction
in misalignment takes place, suggesting that injuries might
occur in the very first step as either the biological structures
are forced to move in unnatural directions or the cuffs of the
exoskeleton slip on the skin. In addition to that, we noticed
slight misalignments in the directions not targeted for mis-
alignment. For example, when the anteroposterior position
of the ILS joint was not supposed to be misaligned and was
intended to be kept at 0 mm, it did show an anterior trans-
lation of 4.8 mm on average with a standard deviation of
2.6 mm. Those small misalignments in other directions than
the direction analyzed in the respective trials can affect the
outcomes. They were however small compared to the tar-
get misalignments and a perfect alignment is unlikely to be
achieved in any exoskeleton use situation.

Those limitations in the setup and procedure might
reduce the reliability of the absolute values of joint forces
and torques measured in this setup, as an anatomical
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leg might behave differently and damping of forces and
torques through soft tissue might not be perfectly mim-
icked. A potential solution is to improve the ILS setup
by adding a different type of soft tissue, which has doc-
umented characteristics resembling human soft tissue
[19, 25]. However, despite these limitations, the current
study does show the relative effect of different amounts
of misalignment on joint forces and torques, supporting
the hypothesis that translational and rotational misalign-
ments increase the load on the knee joint.

Despite these limitations, present findings are a first step
towards understanding the effects of misalignments on the
musculoskeletal system. We showed that misalignments of
a lower leg exoskeleton can lead to a manifold increase of
internal knee forces and torques compared to those expe-
rienced in a well-aligned situation. This is supporting the
need for carefully considering hazards associated with not
only translational but also rotational misalignments dur-
ing wearable robot development and use. To support robot
developers in validation of this and other safety aspects, the
European project COVR provides procedures for validation
tests in an online Toolkit (www.safearoundrobots.com) [26,
27]. Future research can increase this knowledge by inves-
tigating more conditions and exploring options to develop
improved limb simulators. A setup that can measure effects
of misalignments in a weight bearing situation would
increase the impact of the results. Furthermore, the knowl-
edge base should be extended by investigating effects of mis-
alignment on soft tissue level and by relating the observed
effects to comfort and safety in real human subjects.

Conclusion

The present work assessed the effects of different amounts
of rotational and translational misalignments during exo-
skeleton use on musculoskeletal forces using a novel ILS
and a manually actuated orthosis. To our knowledge this
is the first study showing the relative effect of different
amounts and directions of misalignment on joint forces
and torques. We found that knee joint forces and tor-
ques increase in various directions when a misalignment
is introduced. In general, we saw an increasing load on
the knee joint with increasing misalignment. Specifically,
larger internal rotation of the ILS knee joint with respect
to the orthosis joint led to higher forces in medial direc-
tion in the knee joint as well as higher adduction, flexion
and external rotation torques. Stronger external rotation
of the ILS knee joint with respect to the orthosis joint
led in turn to higher lateral joint forces as well as higher
abduction, flexion and internal rotation torques. Stronger
posterior translation of the ILS joint with respect to the
orthosis joint led to higher lateral knee forces as well as
higher abduction and flexion torques while stronger
anterior translation of the ILS joint with respect to the
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orthosis joint led to higher medial knee forces as well as
higher abduction and extension torques. Stronger dis-
tal translation of the ILS joint with respect to the ortho-
sis joint led to higher posterior and compression forces
while proximal translation of the ILS joint tended to lead
to increased posterior and tensile forces. These findings
show that all types of misalignment, including rotational
misalignment, should be considered specifically when
designing and applying exoskeletons for rehabilitation,
assistance or augmentation of human functioning. Future

Table 6 Description of used marker set

research should focus on improved dummy limbs, testing
with actuated exoskeletons and testing the weight bearing
situation, as well as on the potential effects of increased
loads, to create a knowledge base on the effects of exo-
skeleton misalignments.

Annex
See Table 6.

Marker name

Placement description

FTx

FTConn*
FTBlat
FTBack
FTFL*

FTFM
AxisLat
AxisMed
ULTop*
ULFront
ULBack
LowerLegBack*
LowerlLeglat
LowerLegMed
XULLFrame
XULMFrame
XULM1*
XULM2
XULMJoint
XULLT*
XULL2
XULLJoint
XLLMJoint
XLLMT*
XLLM2
XLLLJoint
XLLLT*
XLLL2

XLLRopeAttachment

1D_ForceSensor1
1D_ForceSensor2
1D_ForceSensor3
1D_ForceSensor4

FT sensor on top rim front (marks positive x-direction)

FT sensor on top of connector block

FT sensor on top rim lateral-back side (relative to orthosis lateral/medial definition)
FT sensor on top rim mid back

FT sensor on top rim front lateral (relative to orthosis lateral/medial definition)
FT sensor on top rim front medial (relative to orthosis lateral/medial definition)
Lateral point physical axis leg joint

Medial point physical axis leg joint

Top marker on upper leg—frame mounting connector

Front marker on upper leg—frame mounting connector

Back marker on upper leg—frame mounting connector

Marker at mid back of circular weight

Marker at most lateral position of circular weight

Marker at most medial position of circular weight

Orthosis Upperleg lateral location on frame fixation point

Orthosis UpperlLeg medial location on frame fixation point

Upper marker placed on medial upper orthosis frame

Middle marker placed on medial upper orthosis frame

Marker at the upper part of the medial joint plate of the orthosis

Upper marker placed on lateral orthosis frame

Middle marker placed on lateral orthosis frame

Marker at the upper part of the lateral joint plate of the orthosis

Marker at the lower part of the medial joint plate of the orthosis

Middle marker placed on medial lower orthosis frame

Lower marker placed on medial lower orthosis frame

Marker at the lower part of the lateral joint plate of the orthosis

Middle marker placed on lateral lower orthosis frame

Lower marker placed on lateral lower orthosis frame

Mid back marker on lower strap of lower leg part orthosis, where rope is attached
Proximal (to leg) top point on sensor

Distal top point on sensor

Proximal bottom point on sensor

Distal bottom point on sensor

Markers marked with an asterisk were not used for the calculations in this article but were placed for potential reconstruction of missing markers and further
analysis. Markers FTFM, FTBack, FTBLat and FTx define the FT sensor segment, AxisMed, AxisLat, ULFront and ULBack define the upper ILS segment, AxisMed, AxisLat,
LowerLegMed and LowerLegLat define the lower ILS segment, XULMJoint, XULLJoint, XULM2 and XULL2 define the upper orthosis segment, XULMJoint, XULLJoint,
XLLM2 and XLLL2 define the lower orthosis segment, and XLLRopeAttachment, 1D_ForceSensor1, 1D_ForceSensor2, 1D_ForceSensor3 and 1D_ForceSensor4 define

the tensile force sensor segment
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