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A comparison of different methods for modelling

Abstract: There are several methods to simulate the human-exoskeleton
interface but there is insufficient evidence regarding the choice of the method.
This work compares two rigid-body methods to simulate the interface:
1) optimisation-based contact forces; 2) reaction forces at a point on the
interface. Additionally, a method to kinetically align the human-exoskeleton
joint axes is presented. A single subject tested an active lower limb exoskeleton
in stair ascent. The biomechanical outputs were compared to a baseline model,
where the measured assistive and ground reaction forces were applied directly
to the human model. Both methods showed negligible differences in knee
compression force, knee flexion moment, and vastus lateralis activation.
However, the ankle outputs showed some differences between the methods.
Computationally expensive contact forces provided six-axis interface forces
unlike reaction forces, which were limited to the number of constraints required
by the exoskeleton. Future studies could compare rigid-body and viscoelastic
models.

Keywords: human-exoskeleton interface; interaction force; joint misalignment;
musculoskeletal model; contact model; contact force.
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1 Introduction

The increasing interest in exoskeletons is fuelling the development of simulation-based
assessment methods. Exoskeletons interact very closely with their users and, thus, the
user plays a central role in the design and analysis of exoskeletons. The design and
development of exoskeletons is supported through virtual models and musculoskeletal
models are a popular choice for that (Agarwal et al., 2016; Troster et al., 2020). These
models allow a detailed investigation of the internal body loads and how an exoskeleton
affects those loads.

A key aspect in the simulation of the human-exoskeleton system is the kinetic
interaction between the human and the exoskeleton. Generally, the kinetic interaction is
simulated through the reaction forces/moments typically associated with the kinematic
constraints that connect co-simulation models of the human and exoskeleton models
(Ferrati et al., 2013; Agarwal et al., 2016; Guan et al., 2016; Harant et al., 2017; Zhou
et al., 2017; Gordon et al., 2018; Jensen et al., 2018; Panero et al., 2020). In a few studies,
the interaction forces are solved through force-generating elements that can be configured
to simulate point forces (Fournier et al., 2018; Troster et al., 2018) or rigid-body contact
forces (Cho et al., 2012; Jung et al., 2017; Chander and Cavatorta, 2019). The force
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generated by these elements, characterised by a maximum force-generating capacity, is
computed through an optimisation problem that minimises a function of the generated
force normalised to the maximum capacity of the elements. While the aforementioned
references represent the human-exoskeleton interaction through rigid-body models, the
actual dynamics at the human-exoskeleton interface requires a more complex model to
simulate the soft-tissue on the human side and potentially elastic elements, such as straps
or padded braces, on the exoskeleton side. There are examples of viscoelastic models for
simulating the human-exoskeleton interface (Schiele, 2008; Yandell et al., 2017; Mouzo
et al., 2020). A key challenge in using this approach is to obtain accurate estimates of the
model parameters, such as the stiffness constant of the human-exoskeleton system, and
this is generally overcome by experimental studies with a prototype exoskeleton. Thus, it
is difficult to use viscoelastic models in the virtual design phase, but they could be
considered for the analysis of prototype or commercial exoskeletons. The analysis of an
existing exoskeleton will most likely bring yet another issue into focus, namely
misalignment between the human and exoskeleton joint axes. Human-exoskeleton joint
misalignment can result in parasitic forces at the interface (Naf et al., 2018; Mallat et al.,
2019). One way to account for the effect of the misalignment is to decompose the
assistive force of the exoskeleton into an assistive and a dissipative component (Gordon
et al., 2018). Furthermore, Gordon et al. (2018) also used the findings of Yandell et al.
(2017) to modulate the assistive force profile of the exoskeleton to account for the energy
absorption and return dynamics at the interface.

In this work, we focus on rigid-body models as they are generic and can be applied in
the virtual design phase to any exoskeleton, unlike viscoelastic models that require
interface-dependent parameters. In rigid-body models, the interface force could be
simulated as reaction force or as a solution of an optimisation problem that minimises a
function of the interface force. There is not sufficient evidence in the literature about the
comparison of the two methods. Chander and Cavatorta (2019) compared the two
methods of simulating the interface force for a lower limb exoskeleton, the Chairless
Chair (Noonee GmbH, Germany), and found a difference in the trend of the knee
extension moment from the two approaches. The Chairless Chair is a passive sitting
support designed for use in an industrial setting and allows for quick, easy and flexible
changes between sitting, standing and walking. It consists of two legs and a single load-
bearing interface per leg on which the user sits and transfers the bodyweight to the
ground. The single interface of the exoskeleton provides a rather static sitting support
from only one side of the limb, unlike most exoskeletons that assist in a dynamic activity
through multiple interfaces. It is of interest to compare the two rigid-body methods to
simulate interface forces in a more generic exoskeleton.

Therefore, the aim of this study was to compare the two rigid-body methods (reaction
force associated with kinematic constraints and optimisation-based contact force) to
simulate the interface of a more generic exoskeleton. Unlike Chander and Cavatorta
(2019), the comparison of the two methods in this work is made in the case of an
exoskeleton with multiple interfaces in a dynamic activity. The exoskeleton used in this
study is an active lower limb exoskeleton that aims to support elderly users in stair
negotiation, and consists of interfaces that wrap around the thigh, shank, and foot. The
two methods can, however, lead to different kinematics that can affect their comparison.
An additional contribution of this work is to present a method to kinetically align the
human and exoskeleton joints to simulate the dynamics while using kinematic data
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consisting of misaligned joints. Four human-exoskeleton models were developed for the
targeted investigation of the two methods of simulating the interface force by negating
the difference in kinematics. This work will compare the biomechanical and interface
outputs from the four models. The biomechanical outputs were compared to a baseline
model that simulated the intended effect of the exoskeleton assistance by applying the
assistive torque directly to the human model without using any interface model.

2 Methods

2.1 Exoskeleton

The exoskeleton used in this study is an active exoskeleton consisting of seven parts per
leg to form a unilateral rigid system with two rotational joints corresponding to flexion/
extension of the knee and dorsiflexion/plantarflexion of the ankle (Figure 1). The knee
joint of the exoskeleton is actuated while the ankle joint is passive. The segments and
joints of the exoskeleton are prefixed with ‘e-’ (e.g., e-thigh) to avoid confusion with
human segments and joints. Three of the seven segments attach to the corresponding
human segments and constitute the human-exoskeleton interface: e-thigh, e-shank, and
e-foot. These three segments are linked to each other through joints with the remaining
four segments in the form of sliding rails. E-thigh, e-shank and e-foot are connected via
prismatic joints to thigh rail, shank upper rail and foot rail, respectively. Further, there is
a prismatic joint between shank upper rail and shank lower rail. The four rails create the
two revolute joints with one degree of freedom (DOF), e-knee (between the thigh rail and
shank upper rail) and e-ankle (between the shank lower rail and foot rail). E-knee and
e-ankle joints should ideally be coaxial with the human knee and ankle joints
respectively. The rails facilitate joint alignment by accommodating users of different
anthropometries. The rails allow not only a continuous adjustment of the distance of the
e-ankle from the ground and the distance between e-ankle and e-knee but also the relative
position of e-shank and e-thigh interfaces from e-knee. Further, e-foot can also be
adjusted laterally in the frontal plane.

All three interface components (e-thigh, e-shank, and e-foot) surround the human
segments. The anterior side of e-thigh is a rigid structure, whereas two straps, linked
through a shaped rigid element, surround the posterior side of the human thigh. The
e-shank is made of two rigid parts. One part is a quarter rigid elements anterior to the
human shank. Medially attached to that part is another rigid shaped element with two
straps in between. Two more straps surround the posterior side of the human shank. One
of the posterior straps is horizontal and the other one is diagonal from the horizontal band
to the e-shank. The e-foot surrounds the foot and consists of a compliant material to allow
the foot to roll off. This design is intended to take into account the second DOF in the
ankle joint so that lateral movements in the frontal plane are possible to increase the user
comfort. All the three interface attachment components are adjustable to consider
individual anthropometry and enable the user to fasten the interface himself/herself to
increase comfort.

The assistive force to support stair negotiation is implemented through a cable
connecting the e-thigh and e-shank, anterior to the human knee joint. An active motor,
fixed to the e-thigh, pulls the cable and creates a pulling force. The force vector direction
is independent of the knee angle as the cable has a fixed distance from the patella of the
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knee. The pulling force results in an external moment through the rigid structure of the
exoskeleton to support knee extension. This external force is active only if the
corresponding leg is in the stance phase of the movement.

Figure 1 Active exoskeleton to support stair negotiation (see online version for colours)

e-shank

Note: The figure shows the exoskeleton for the right leg comprising seven general parts.

2.2 Experiments

The exoskeleton was tested in a laboratory in stair ascent on a custom-built staircase with
step height = 160 mm, tread length = 280 mm, and a resulting inclination angle of 30°
(Figure 2). The staircase consisted of four steps, a stair landing at the upper end and
handrails. It also consisted of a force plate (Kistler MiniDyn Type 9119AA2,
Switzerland) in the second step to record the ground reaction force (GRF). The tensile
assistive force in the exoskeleton cable was recorded through a custom-built strain gauge
integrated in the e-shank. A marker-based motion capture system (Qualisys AB, Sweden)
consisting of 12 active infrared cameras recorded the kinematics at 100 Hz. The software
Qualisys Track Manager 2020 was used for recording and synchronisation.

The experiments were conducted with one healthy subject (male, 27 years, 77.4 kg,
1.83 m). The subject signed an informed consent prior to participation. Ethical approval
for this study was not required. 26 markers were attached to the human body considering
characteristic bony landmarks, and 18 markers were attached to each exoskeleton leg
(Figure 3). Two markers were attached at both shoulders and eight markers were attached
medially and laterally at the knee and ankle joints of both the legs for the static trial to
determine the joint axes and segment lengths based on the cast model (Cappozzo et al.,
1995). No markers could be placed on the human thigh due to the exoskeleton. The
distribution of the 18 exoskeleton markers is listed in Table 1 along with the masses of
the exoskeleton segments. Relevant body parameters such as segment lengths, body
height and mass were measured first. The exoskeleton was adjusted to the participant’s
anthropometry as described in Table 2.
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Figure 2 Trial of a stair ascent with the supporting exoskeleton on both legs (see online version
for colours)

Table 1 Mass of the exoskeleton parts and marker distribution
Exoskeleton part Mass (kg) Markers per part
E-thigh 3.56 4
Thigh rail 0.82 3 (one at e-knee)
E-shank 1.08 3
Shank upper rail 0.17 1
Shank lower rail 0.24 2 (one at e-ankle)
Foot rail 0.05 1
E-foot 0.17 4

Table 2 Adjusted lengths of the exoskeleton to consider the anthropometry of the subject

Description of the adjustable length Distance (cm)
Distance between e-foot and foot rail 0.58
Distance between e-ankle and ground 7.5
Distance between e-ankle and e-knee 41.0
Distance between shank upper rail and e-shank 13.5
Distance between thigh rail and e-thigh 2.0

Before the test was conducted, the participant was able to get familiar with the
exoskeleton, donning the exoskeleton on both legs and climbing the stairs several times
without recording any data. The subject then carried out 13 ascents, at a self-selected
pace, step-over-step and without the use of the handrails. One recording included one
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ascent, starting with the left leg on the first step (Figure 2). After the trials, two static
recordings were taken of the subject and exoskeleton in the neutral standing posture.
Subsequently, a check for completeness and errors was carried out. Due to the partial
occlusion of markers by the testbed, gaps in the trajectories were created. Gaps of up to
ten frames were filled using polynomial interpolation during data preparation. Relational
gap filling was used for markers belonging to a cluster. Due to the exclusion of
incomplete data series because of incomplete exoskeleton forces or large trajectory gaps,
only eight ascents could be analysed.

Figure 3 Marker placement on the human and exoskeleton (see online version for colours)

* Marker on human * Marker on exoskeleton

Notes: Markers on human: 2 at shoulders, 4 at pelvis, 4 at knees, 6 at shanks, 4 at ankles,
and 6 at feet. Please refer to Table 1 for marker distribution on the exoskeleton.

2.3  Musculoskeletal modelling

The musculoskeletal model was analysed in version 7.3.0 of the AnyBody Modeling
System (AMS) (Damsgaard et al., 2006) using the human model available in version
2.3.0 of the AnyBody Managed Model Repository (AMMR) (Lund et al., 2020). The
human model used in this work consisted of the leg model based on the Twente Lower
Extremity Model (TLEM) 2.0 (Carbone et al., 2015). The leg model comprised the
pelvis, femur, patella, tibia, talus, and foot. The hip joint was defined as a spherical joint,
while the knee, patellofemoral, talocrural and subtalar joints were defined as hinge joints
with a fixed rotation centre and axis. The pelvis connected to the trunk at the L5S1 joint,
which was modelled as a spherical joint. A detailed description of the spine model is



212 D.S. Chander et al.

provided in de Zee et al. (2007). The arms of the model were disabled as the subject did
not use the handrails during the trials.

2.4 Exoskeleton model

The exoskeleton system comprised two separate exoskeletons for the right and left legs,
and the methods described in this section were applied to both sides. A computer-aided
design (CAD) model of the seven parts constituting the exoskeleton was created. The
CAD model was used to estimate the inertia properties of the different parts. Several
reference frames were created in the CAD model of the exoskeleton to obtain their
precise location and orientation relative to the parts. Reference frames were created for
defining and adjusting the rotational and prismatic joints of the exoskeleton inside AMS.
Reference frames were also needed for defining the human-exoskeleton interface model,
which will be explained subsequently (Subsection 2.6).

The CAD model of the exoskeleton was added to the human model in the multi-body
environment of AMS by defining the different segments in AMS using the estimated
inertia and centre-of-mass along with the measured mass. The prismatic joints of the
exoskeleton served to accommodate the user and were adjusted as per the subject’s
anthropometry (Table 2). They were blocked during the trials and constrained in the
model to prevent any motion in those joints. Thus, the whole exoskeleton system could
be reduced to three segments (e-thigh, e-shank, and e-foot) connected by two revolute
joints (e-knee and e-ankle), thereby resulting in eight DOFs for the exoskeleton in the
model. The GRF from the trials was applied to the right exoskeleton foot, except in the
baseline model where it was applied to the human model. The measured exoskeleton
assistance during the trials was synchronised with the movement and read into the model
through an external file that stored the magnitude of the force at each time step. The
assistive force was applied as tension at the endpoints of the cable and via points for
channelling the cable.

2.5 Baseline model

A baseline model was created, in which there was no interface model between the human
and exoskeleton. The GRF and the exoskeleton assistance were directly applied to the
human model, bypassing the exoskeleton completely. This baseline model was defined as
the ideal assistance (IA) model and simulated the perfect exoskeleton to see its intended
effect on the human model. Reference frames were created on the human thigh and shank
to reproduce the path of the exoskeleton cable. The assistive force was applied as tension
directly at these reference frames on the human segments to simulate the assistance from
the exoskeleton. This model ignored the mass and inertia effects of the exoskeleton.

The internal body loads were computed through inverse dynamics analysis of a rigid
multi-body system together with muscle recruitment to resolve the statically
indeterminate system due to the presence of more unknown forces than model DOFs.
First, the geometrical parameters of the human model were calibrated to the static trial by
using the estimated segment lengths and optimising the location of the markers on the
model (Andersen et al., 2010). Then, the kinematics were solved by reconstructing the
movement of the model from the marker trajectories using a solver for an
over-determinate system (Andersen et al., 2009). The inverse dynamics equilibrium
equation was setup as:
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Cf=d (1

C = [CMC®] is the coefficient matrix of the unknown internal forces, f = [fMTFRT]T,
where M and R refer to the muscle and joint reaction forces, respectively. On the
right-hand side, d =[d7d? ...d7]" is the vector of the known external and inertial forces

of the different segments. Detailed mathematical description of the equations used in this
work and their formulation is available in Damsgaard et al. (2006) and Andersen (2021).
The dynamic equilibrium equation (1) would have infinitely many solutions as the
number of unknown muscle forces far exceeds the DOFs in the model. Thus, an
optimisation problem was setup to recruit the muscles (Rasmussen et al., 2001). The
optimisation problem, also known as the muscle recruitment problem, was framed to
minimise a polynomial function of the effort required:

(o) = S
mflnH(f )=Z:‘ OO 2

1

subject to:
Cf=d

M >0fori=1,..., n)

3

Equation (2) is a polynomial function of the normalised muscle forces and power p = 3.0
was used in this work. TLEM 2.0 with cubic polynomial function for muscle recruitment
has shown good results in predicting the knee joint contact forces from the fifth grand
challenge dataset (Marra et al., 2015). The effort required is measured by the ratio

A / NM™  where £ is the force produced by the i muscle and N is its

strength. This ratio is also known as muscle activity and is used as a measure of the
activation of the muscle. In this work, a simple muscle model with constant strength
across its functional range was used. Simple muscle model with cubic polynomial muscle
recruitment has shown good agreement between estimated muscle activities and
measured electromyography data for leg muscles in level and inclined walking
(Alexander and Schwameder, 2016). Constraint (3) includes the equilibrium equation and
restricts the muscles to unidirectional force generation, as the muscles can only pull and
not push.

2.6 Interface models

2.6.1 Conventional model

In the conventional model, the human-exoskeleton interface forces were simulated using
reaction forces typically associated with the kinematic joints between the human and
exoskeleton. Constraints were added at each interface between the corresponding human
and exoskeleton segments. Reference frames were defined at the centre of the axes of
e-thigh and e-shank. The reference frame on the e-foot was defined at the centre of the
e-foot base. The reference frames are shown in Figure 4. Correspondingly, reference
frames were defined on the human segments with the same convention for the axes. At
each interface, up to six constraints could be added (three translations and three rotations)
between the corresponding human and exoskeleton segments. However, the exoskeleton
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required eight constraints to fully constrain its eight DOFs. The choice of the eight
constraints was a non-trivial problem. As the knee is the target joint of this exoskeleton,
maximum constraints were provided around the knee, that is, on the thigh and shank
(Figure 4). Three constraints were added at the thigh interface (translation about X and Y;
rotation about X). Four constraints were applied at the shank interface (translation about
X, Y, and Z; rotation about Y). One constraint was added at the foot interface (translation
about Z).

Figure 4 Reference frames on the exoskeleton that were used for defining the kinematic joints
(see online version for colours)

Note: The number in grey circle indicates the number of constraints added at that
interface.

Mathematically, the reaction forces were included as constraints in the equation Cf = d in
equation (3) while the normalised muscle forces were minimised by equation (2). Staying
true to the approach, the exoskeleton was driven using the kinematic joints instead of the
motion capture (mocap) data from the markers on the exoskeleton.

2.6.2 Contact model

The contact model is based on a method developed and verified for GRF prediction (Fluit
et al.,, 2014; Skals et al., 2017). Contact forces were simulated by creating multiple
contact detection zones (CDZ) on the exoskeleton and, correspondingly, multiple contact
nodes on the human. At each contact node, five unidirectional force-generating contact
elements were configured to simulate contact forces, approximating a static Coulomb
friction model. One contact element simulated the normal contact force. The remaining
four contact elements were arranged in the two shear directions to simulate the positive
and negative shear forces. The contact elements in the shear directions were configured
such that the generation of the shear force, F, was accompanied by the generation of a
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normal force, F,, limiting the shear force (F; < uF,) by the coefficient of friction, u. A
value of 0.36 was used for the coefficient of friction (Vilhena and Ramalho, 2016). Thus,
the net normal force was the sum of the forces from the dedicated contact element in the
normal direction and the normal components created by the contact elements arranged in
the shear directions. Mathematically, with the contact model, the muscle recruitment
problem (2) was modified to include the contact elements:

n(M) f(M) P 5p(0) f(c) p
. M)) — i i
min # (f1)) Z}:(N(M)j +Z(N(C)J (4)

i=1

subject to:
Cf=d
M >0fori=1,..., n) (5)
O >0fori=1,...,5n©

where C is the coefficient matrix of the unknown internal forces f; both with additional
terms for the unknown contact forces besides the muscle and joint reaction forces. £,

is the force of the i™ contact element, n(© is the number of contact nodes, Nl-(c) is the

strength of the i contact element. The constraint for the friction force was given
implicitly by the linear constraints between four of the five contact elements and these
were included in the equation Cf = d. The GRF prediction method using cubed
polynomial muscle recruitment has shown good results in stair descent (Fluit et al.,
2014). The strength of the contact elements was set to 6,000 N to ensure low activation
cost of the contact elements. The contact elements simulated the contact forces only when
the corresponding contact nodes were inside the CDZ. This was implemented by a
nonlinear strength function of the contact elements such that the strength was zero when
the contact detection threshold was exceeded (Skals et al., 2017). However, it was
assumed that the human and exoskeleton remained in contact throughout the motion. This
was ensured in the model by increasing the size of the CDZ such that the contact nodes
remained within the CDZ throughout the motion.

Reference frames created on the exoskeleton interfaces in the CAD model were used
to define the CDZ on the exoskeleton and a corresponding contact node, unique to each
CDZ, on the human. For the e-thigh and e-shank interfaces, vertical lines were projected
onto the surface of the interface at every 15° from the axis of either interface. Reference
frames were created on these projected lines on the interface such that the vertical
distance between the reference frames was about 1.8 cm. The foot interface was divided
into two distinct regions: the foot base and the foot strap. The CAD model of the foot
strap was divided into six surfaces spanning 180° about the foot. These surfaces were
used to create a total of 18 reference frames, with each surface consisting of three
reference frames spaced approximately 2.4 cm from each other along the midline of the
surface. The GRF prediction method was used to simulate the interface forces at the sole
or the base of the foot. In total, there were 281 contact points per exoskeleton. Each
reference frame had its normal aligned locally to the interface surface at the origin of the
reference frame. The second axis of the reference frame was aligned along the length of
the interface. The resultant force and moment at an interface were computed by
considering the contact force from each contact node of the interface.



216 D.S. Chander et al.

In the contact model, the human and exoskeleton models were driven using their
respective mocap data. A procedure, like the one used for the kinematics of the human
model, was used for the kinematics of the exoskeleton. In the first step, exoskeleton
markers were tracked using the over-determinate solver and the position and orientation
of the e-shank (six DOFs) and the angles of the e-knee and e-ankle joints (two DOFs)
were saved for the entire movement. In the second step, these saved values were used as
an input to drive the kinematics of the exoskeleton in the inverse dynamics analysis.
Using the respective mocap data for the human and exoskeleton resulted in
misalignments between the human and exoskeleton joint axes. These misalignments
allowed the contact elements to contribute to the flexion/extension of the human joints
such that the vastus lateralis and vastus medialis muscles were unrealistically unloaded
by the contact elements.

Figure 5 Adding dummy segments in the human-exoskeleton system (see online version
for colours)

Typical human-exoskeleton system with Human-exoskeleton system with dummy
possible misalignments and kinetic segments that are aligned with human segments.
connections between the human and Exoskeleton joints are substituted by dummy

exoskeleton segments. joints to ensure kinetic alignment between

human and exoskeleton joints.

Force Path Force Path
Iy N 'y

\

. 1
T Kinematic alignment between

GRF human and dummy segments GRF

Notes: On the left is the typical human-exoskeleton system with the kinetic constraints
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Thus, the misalignments between the human and the exoskeleton joints needed to be
removed. This was achieved by adding ‘dummy segments’ in the model to ensure kinetic
alignment of the human and exoskeleton joints despite the kinematic misalignment. The
dummy segments were used to channel the internal forces of the exoskeleton through a
new kinetic path that was aligned with the human leg. They are called dummy segments
because they are mass-less, inertia-less segments that do not directly contribute to the
dynamics. Three dummy segments corresponding to the human thigh, shank, and foot
segments were added in the model to define a dummy leg with dummy knee and ankle
joints. The dummy leg was kinematically constrained to the human leg such that the
dummy and human joints were perfectly aligned. The inverse dynamics analysis was
setup with the following three steps. First, the dummy knee and ankle joints were
configured to generate the reaction forces (and moments) in the five constraints of the
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revolute joint. Second, the reaction forces at the exoskeleton knee and ankle joints were
disabled. Finally, reaction forces were added in all six coordinates between the
corresponding exoskeleton and dummy segments defining the knee and ankle joints. In
this way, a hybrid human-exoskeleton system was created where the exoskeleton joints
were kinetically substituted by the dummy joints, which were kinematically aligned with
the human joints. The human-exoskeleton interface using the contact model was not
modified. The concept is summarised in Figure 5. With the human and exoskeleton joints
kinetically aligned, the contact elements could not contribute to the flexion/extension of
the human joints.

2.6.3 Reference models

The contact and conventional models described above were intended to compare the
difference in simulating the interface forces through contact elements and reaction forces.
They were respectively denoted as contact model with dummy segments (CMDS) and
kinematic joints (KJ). However, the two models also had different kinematics of the
exoskeleton. The contact model further required the use of dummy segments to ensure
the kinetic alignment of the human and exoskeleton joints. Thus, two reference models
were defined to isolate the effects of different kinetics, kinematics, and dummy segments.
One reference model introduced dummy segments in the conventional model with the
kinematic joints and it was denoted as kinematic joints with dummy segments (KJDS). In
the other reference model, the kinematics of the exoskeleton were driven using the
kinematic constraints from the conventional model, while the interface forces were
simulated using CMDS and it was denoted as contact model with kinematic joints and
dummy segments (CMKJIDS). Thus, four interface models (CMDS, KJ, KJDS, and
CMKIJDS) were defined to compare the two different methods of simulating the interface
forces (Figure 6) besides the baseline model (Subsection 2.5) that did not model the
interface. CMKJDS and KJDS allowed a targeted investigation of the difference between
the contact elements and reaction force-based interface model, negating the effects due to
the difference in kinematics or the effect of the dummy segments. Instead, CMKJDS and
CMDS isolated the effect of the difference in kinematics.

2.7 Analyses

Simulation outputs such as muscle activation, joint moments and joint reaction forces are
often used to evaluate the effects of an exoskeleton on the human (Guan et al., 2016;
Zhou et al., 2017; Jensen et al., 2018; Troster et al., 2018, 2020). The exoskeleton used in
this work spanned across the knee and ankle joints, and therefore the outputs concerning
these joints were of particular interest. A comprehensive evaluation of the exoskeleton
should consider the effect of the exoskeleton on the whole body, but this was beyond the
scope of the current work. The activation of vastus lateralis and gastrocnemius, the knee
flexion and ankle plantarflexion moments, and the compression force at the knee and
ankle were selected as key outputs with a focus on how the interface model affected these
outputs. Also of interest were the interface outputs, i.e., the forces in the anterior/
posterior, medial/lateral, and proximal/distal directions at each interface from the
interface models. Muscle activation data were expressed as a percentage. Joint moment
data were normalised to body weight [BW (in N)] and body height [BH (in m)] and
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expressed as a percentage [Nm/(BW x BH) (%)]. Joint reaction force and interface force
data were normalised to BW and expressed as a percentage [N/BW (%)].

Figure 6 Interface models studied (see online version for colours)
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The stance phase of the right leg was analysed for the eight trials due to the availability of
the recorded GRF. Each trial was trimmed, re-sampled, and normalised to the duration of
the stance phase. Each biomechanical output from each model was averaged for the eight
trials and plotted on the same graph. The point-based re-sampling technique (PBRT) was
used to create 95% confidence bands about the outputs from the baseline IA model using
bootstrapping (Joch et al., 2019). PBRT can be used to check for significant differences
in the outputs at each time-step of the movement instead of a single representative value
from the curve such as the mean or maximum. Re-sampling techniques (such as
bootstrapping) can assure that the true coverage probability of the confidence bands
comes close to the desired nominal level. However, PBRT cannot overcome the
limitation of a single subject in the study and statistical significance was therefore not
estimated. Root mean square difference (RMSD) between the interface models (CMDS,
KJ, KJDS, and CMKJDS) and IA were calculated for each biomechanical output. Instead,
for the interface outputs, the mean and standard deviation of the interface forces from the
four interface models were plotted. The baseline model did not have any
human-exoskeleton interface force, nor was there any empirical measure to use as a
reference for the interface outputs. The kinematic joint models (KJ and KJDS) expressed
the resultant forces in the reference frames used for defining the constraints. In the case
of contact models (CMDS and CMKJDS), the resultant of the contact forces from all the
contact elements of an interface was found at the same reference frame as those from KJ
and KJDS.
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3 Results

3.1 Biomechanical outputs
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Figure 7 shows the time-histories of the selected biomechanical outputs. Table 3 lists the
RMSD between the different interface models and the baseline IA model for these

biomechanical outputs.

Figure 7 Biomechanical outputs from the IA reference case and the four interface models
(see online version for colours)
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The activation of vastus lateralis in all the models with the kinematics driven using the
kinematic constraints between the human and exoskeleton was lower compared to the
ideal case (IA) and the contact model (CMDS) using the marker data for independent
human and exoskeleton kinematics. CMDS had the lowest RMSD of 0.67% (+/-0.07) in
vastus lateralis activation. In fact, CMDS had the lowest RMSD for all the outputs. In the
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knee flexion moment, the differences between KJ and CMDS were negligible, and both
lay within the confidence bands of the baseline model. Similarly, negligible differences
between KJ and CMDS could be observed for the knee compression force. However, KJ
showed lower compression force compared to IA around the initial part of the peak.
Notably, the curve of KJDS was overlapped by the curve of CMKIDS for all the three
outputs about the knee. This was also confirmed by the similar RMSDs shown by KIDS
and CMKIDS for the knee outputs.

Table 3 RMSD of the biomechanical outputs from the different interface model (CMDS, KJ,
KIDS, and CMKIJDS) with IA as reference

Variable CMDS KJ KJDS CMKJDS

Vastus lateralis activation (%) 0.67 (0.07)  2.43(0.26) 3.00(0.21) 2.91(0.21)
Knee flexion moment (% BW x BH)  0.03 (0.01)  0.36 (0.06)  0.50 (0.04)  0.50 (0.04)
Knee compression force (% BW) 17.32(1.95) 29.95(2.02) 23.03(2.01) 23.05(2.62)
Gastrocnemius activation (%) 3.16 (1.55) 3.27(1.38) 3.61(0.86) 3.66 (1.49)
Ankle plantarflexion moment 0.01 (0.00) 1.20(0.11)  0.42(0.07) 0.42(0.07)

(% BW x BH)
Ankle compression force (% BW) 26.08 (5.67) 40.80 (6.30) 81.14(9.72) 50.73 (5.80)

Note: The results are presented as mean (SD).

The outputs concerning the ankle showed a greater inconsistency between the models
compared to those about the knee joint. Higher gastrocnemius activation was observed
with KJDS compared to the other three interface models. IA lay in between KJDS and the
remaining three interface models, such that all the models remained mostly within the
confidence interval of IA. Compared to vastus lateralis, CMDS had a higher RMSD of
3.16% (+/-1.55) for gastrocnemius activation. CMDS RMSD in gastrocnemius activation
was still the lowest amongst four interface models but comparable to the other three
models. The conventional model (KJ) showed a reduced effort from the user for ankle
plantarflexion moment. For the ankle compression force, KIDS indicated the highest
load. Across the three ankle outputs, KJ always required lower effort compared KJDS.
Lastly, KIDS and CMKJIDS overlapped only for ankle plantarflexion moment and
showed notable difference in gastrocnemius activation and ankle compression force.

3.2 Interface outputs

Figure 8 shows the interface forces at the three human-exoskeleton interfaces from the
four interface models. The interface forces at the right thigh, shank and foot interfaces are
plotted in the local reference frame of each interface (Figure 4). The plots represent the
force from the exoskeleton to the human.

Firstly, Figure 8 shows that the kinematic joint models (KJ and KJDS) can only
provide limited interface outputs due to the limited number of constraints that could be
added in the kinematic joint models. These models assume zero force in the shear
directions at the foot and the axial direction at the thigh as no constraints were applied in
these directions. Even where the constraints were present, there was a significant
difference between the outputs of the kinematic joint models (KJ and KJDS) and the
contact models (CMDS and CMKIDS). Secondly, the peak vertical force at the foot
interface of the contact models (CMDS and CMKIJDS) was substantially closer to the
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subject weight than that predicted by the kinematic joint models (KJ and KJDS). Thirdly,
there was good agreement between CMDS and CMKJDS for all the interface forces
except the proximal-distal force at the thigh. Instead, the results between the two
kinematic joint models (KJ and KJDS) showed differences in the forces in the anterior-
posterior and proximal-distal axes.

Figure 8 Interface forces from the four different models (see online version for colours)
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Notes: Solid lines represent the mean of the eight trials and the shaded region represents
+/—1 std. deviation. Please refer to Figure 4 for the coordinate system and
Figure 6 for the interface models.

4 Discussion

4.1 Biomechanical outputs

Evaluation of assistance quality requires well-defined reference points. Two such points
are no assistance and IA, which span a scale of possibility on which the actual design can
be evaluated. The biomechanical outputs of the different interface models were compared
with the idealised case, IA, where the exoskeleton assistance was applied directly on the
human leg (Figure 7). IA was used as a reference case in this work as it had a similar set
of assumptions like the interface models used in this study. Specifically, the effects of
joint misalignment and compliance at the interface were not considered in this study.
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These issues, besides other possible issues, would negatively affect the assistance quality
received by the user in real life. This means that the biomechanical effort required from
the user would be larger in real life than estimated from IA. It is expected that more
refined models would deviate from IA but not to a large extent. The difference between
IA and the actual use of an exoskeleton should be investigated in future studies focussing
more on the interface forces and their measurement, which we did not have the
possibility to do.

The biomechanical outputs from the contact model (CMDS) showed good agreement
with the IA model in general. CMDS had the lowest RMSD of all the interface models.
CMDS also had the same kinematics as IA. KJ, KIDS, and CMKJIDS used kinematic
constraints between the human and exoskeleton that resulted in different kinematics
compared to IA and CMDS. The purpose of using the four interface models was to
understand where exactly the difference in results came from.

The biomechanical outputs about the knee, i.¢c., the activation of vastus lateralis, knee
flexion moment, and knee compression force showed consistent results from the different
models. Especially, KIDS and CMKIDS showed curves that overlapped each other for
the most part as is also evidenced by their similar RMSD for the knee outputs. These
models were defined specifically to investigate the differences in the kinetics only and
showed that the biomechanical outputs concerning the knee were not affected by the
choice between reaction forces or contact elements. However, the presence of dummy
segments or the change in kinematics affected the outputs slightly. Notably, the change in
kinematics affected the activation of vastus lateralis. CMDS was closest to the IA, while
the other models showed some differences that could be attributed to a change in
kinematics (between CMDS and CMKJDS) or a change due to the presence of dummy
segments (between KJ and KJDS). Nonetheless, the general consistency of the different
interface models with regards to the biomechanical outputs about the knee joint is a
positive result for the overall problem of modelling the physical human-exoskeleton
interface. This similarity in the biomechanical outputs about the knee contrasted with the
finding of Chander and Cavatorta (2019) for the Chairless Chair, where the two models
showed a difference in the knee extension moment trend. The contrasting results could be
due to the different nature of the interfaces of the two exoskeletons. An interface that
wraps completely around the limb could be better approximated by a kinematic joint than
the interface of the Chairless Chair that supports the user from a single side only.

Contrary to the knee outputs, the outputs about the ankle joint showed a greater
difference between the reaction force-based models (KJ and KJDS). The notably higher
effort required from KJDS compared to KJ highlighted how joint misalignments allowed
the muscle recruitment formulation to unload muscles by exploiting reaction forces.
KJDS and CMKIJDS showed similar results only for the ankle plantarflexion moment. In
the activation of gastrocnemius and ankle compression force, CMKJDS was closer to the
results of the KJ model rather than the KIDS model. Additionally, CMDS did not match
the activation of gastrocnemius by the IA model. Although the difference was not
significant, it was greater than the difference between the CMDS and IA models in the
activation of vastus lateralis.

We could not identify a reason for the discrepancies in the results concerning the
ankle joint. One reason could have been the choice of the kinematic and kinetic
constraints. The constraints were chosen to provide ample support about the knee joint
and seven of the eight constraints were distributed around the knee: three constraints at
the thigh and four at the shank. Two other configurations were tested that had three
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constraints at the foot and one at the thigh, with the same four constraints at the shank.
The biomechanical outputs about the ankle joint changed due to the different kinematics
and different support provided by the different constraint configurations. However, they
did not necessarily show consistent trends between the four models for the different
outputs about the ankle.

4.2  Interface outputs

The contact model simulated contact forces consisting of the normal and shear forces.
This was a potential advantage of the contact model over the conventional model that
simulated the interface forces as point forces without considering friction. Moreover, the
reaction force-based models provided the reaction forces only in the eight added
constraints. Thus, only limited information about the interface force was available, which
should not be used to make accurate estimates of the interface forces in any case. The
interface forces in the limited constraints must compensate for the absence of other
constraints. A clear example of this was seen in the vertical forces at the foot and shank.
At the foot, the vertical force in the reaction force-based models (KJ and KJDS) was
much greater than the body weight of the subject (Figure 8). This excessive force was
then compensated at the shank. Instead, the contact models (CMDS and CMKIDS)
showed much more reasonable forces at the foot interface and correspondingly an
excessive vertical force at the shank (relatively speaking) was not observed.

Unfortunately, not much can be said about the validity of the predicted interface
forces without experimental measurements of the same. There are examples in literature
of experimental measurement of the interface force through six DOF force/torque sensors
(Schiele, 2008; Zanotto et al., 2015) and computation of the interface force through
capacitive pressure sensor matrices (Serrancoli et al., 2019). Experimental measurement
of interface forces highlights how compliance at the interface can affect the user comfort.
The interface pressure experienced by the user would depend on the initial strapping
pressure, compliance of the soft tissues, and compliance of the interface. The initial
strapping (or attachment) pressure has been shown to affect the comfort of the user
(Schiele and van der Helm, 2009; Langlois et al., 2020). The combined
human-exoskeleton compliance at the interface can absorb and release the energy
supplied by the exoskeleton during the different phases of the movement (Yandell et al.,
2017). Human-exoskeleton misalignments can further affect the interface forces,
potentially altering the energy absorbed and released by the compliance at the
human-exoskeleton interface.

The contact and conventional models described in this work are rigid-body models
that did not model compliance at the human-exoskeleton interface. Compliance at the
interface can be accounted for in the model by modifying the assistive force/torque
profile of the exoskeleton to compensate for the compliance (Gordon et al., 2018).
Alternatively, the compliance can be simulated through the use of calibrated elastic
models at the interface (Schiele, 2008; Serrancoli et al., 2019). More sophisticated
modelling methods, such as force-dependent kinematics (Andersen et al., 2017), could be
used in future studies to simulate the elastic compliance at the human-exoskeleton
interface in inverse dynamics analysis. Nonetheless, whatever the approach, obtaining
accurate estimates of model parameters for simulating human-exoskeleton compliance
can be difficult without experiments. This renders the application of these models
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challenging during the virtual design phase where generic rigid-body models can be used
with ease. Once a physical prototype is ready, complex models accounting for
compliance at the interface can be used. It is expected that calibrated models simulating
compliance will provide more accurate estimates of interface forces than simple
rigid-body models. It would be of interest to quantify the difference in the interface force
estimates from the two types of models and this could be investigated in a future study
with experimental measure of the interface force.

4.3 Dummy segments

In a completely virtual assessment, the exoskeleton joint axes would be perfectly aligned
with the human joint axes. However, the use of experimental data from actual trials
would almost certainly induce misalignments as opposed to the ideal case of the virtual
model. The joint axes’ misalignment allowed the contact elements and reaction forces to
contribute unintentionally to the movement of the human. This was an unwanted
consequence of the computation of the muscle forces through optimisation. Small,
microscopic misalignments led to disproportionately large mathematical consequences.
The solver exploited the contact elements (with practically zero activation cost) and/or
reaction forces to unrealistically unload some of the muscles. Thus, dummy segments
were introduced between the human and exoskeleton models to kinetically align the
exoskeleton joints with the human joints. Alignment between the human and exoskeleton
joints could also have been ensured through specific kinematic constraints. However, the
dummy segments allowed using the actual mocap data for the kinematics and analysing
the aligned kinetics in the same model setup. Once the misalignments were removed
kinetically, the exoskeleton worked as an ideal exoskeleton. The contact elements and
reaction forces were unable to exploit the misalignments and the model showed
reasonable outputs even at high strengths of the contact elements to ensure the low
activation of the contact elements. There was no need to optimise the strength of the
contact elements as suggested in Chander and Cavatorta (2020).

However, human-exoskeleton joint misalignment is a real problem that affects the
comfort of the user (Naf et al., 2018; Mallat et al., 2019). Joint misalignment has been
shown to significantly affect the interface forces (Zanotto et al., 2015). The mocap data
from the current study also demonstrated misalignments between the human and
exoskeleton. Consequently, a part of the assistive torque from the exoskeleton was
dissipated but it was not accounted for in the models with dummy segments. Thus, these
models probably overestimated the effect of the assistive torque from the exoskeleton.
One way to account for the misalignment in the model is to decompose the assistive
torque from the exoskeleton into a functional component and an undesired interaction
force (Gordon et al., 2018). The dummy segments can allow splitting the assistive torque
into the two components at each time-step of the simulation using the actual
misalignment of the current time-step. The effect of the undesired interaction force on the
biomechanical outputs could be studied by applying this undesired component
additionally to the human model. However, its effect on the interface force cannot be
studied through the contact model with the dummy segments. It is of interest to model the
effects of joint misalignment, but this was beyond the scope of the current work and
future studies could investigate this issue in greater detail.
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4.4 Modelling methods

The contact model provided more detailed interface forces than the reaction force-based
conventional model. The advantage of the contact model due to the numerous contact
elements, however, also came with a greater cost in terms of modelling and
computational time compared to the conventional model. The comparison of the two
models must be rounded up by a general discussion on using these methods and their key
parameters.

The contact model introduces additional parameters in the model such as the number
and strength of the contact elements. A higher number of contact nodes (each with five
contact elements) can model the interface shape more accurately, and this may improve
the results of the simulation, especially when the contact elements are used to model the
key features of the interface shape. But once these features have been modelled, the gains
from the improved accuracy would be marginal and may be outweighed by the
computational cost of every extra contact node. The other parameter of the contact
model, i.e., the strength of the contact elements, depends on the exoskeleton. The contact
forces are estimated through the muscle recruitment formulation, and they can influence
the recruitment of the muscles. Generally, the strength of the contact elements should be
high enough to ensure their low activation (Skals et al., 2017). This allows the solver to
still minimise the muscle forces while estimating the contact forces, which should be of
practically no cost in the objective function. However, the low activation cost of the
contact elements could also be exploited to unload the muscles. In this work, the dummy
segments ensured that there was no interaction between the contact elements and
muscles, and the maximum activation of the contact elements was less than 0.1%.
However, in the case of the Chairless Chair, the strength of the contact elements affected
the biomechanical outputs and there was a need to optimise strength of the contact
elements (Chander and Cavatorta, 2020). A maximum activation of 1.5% for the contact
elements was reported in the most demanding case of the parametric study (Chander and
Cavatorta, 2020). The recruitment of the contact elements can also be affected by the
muscle recruitment criterion, and this should be tested even though changes in the
recruitment criterion have shown negligible differences in GRF prediction (Fluit et al.,
2014). Thus, the contact elements can influence the results from the simulation in several
ways and a critical evaluation of the results is necessary.

The conventional model, using kinematic constraints, also introduces an additional
parameter in the model, i.e., the choice of constraints amongst the several possible
combinations. An exoskeleton introduces additional DOFs in the model that must be
constrained by an equal number of constraints. Mathematically, there could be several
ways to add the required number of constraints. The chosen constraints must allow the
correct transfer of exoskeleton assistance to the user. Changing the distribution of the
constraints can alter the biomechanical outputs from the simulation as was mentioned in
Subsection 4.1. Thus, a careful consideration of the parameter introduced by the
conventional model is also necessary.

In terms of modelling and computational cost, the conventional model holds an
advantage. Kinematic constraints and reaction forces require specifying two reference
frames and the type of constraint to model the interface. The contact model, on the other
hand, requires significantly more effort for developing the model. Multiple reference
frames must be defined to capture the shape of the interface. The process of defining
multiple reference frames can be faster if parametric surfaces, such as a cylinder, are used
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to represent the interface. However, that is often not the case with intricately shaped
interfaces requiring a manual definition of the reference frames. Next, the contact model
must be implemented multiple times at each of these reference frames. This requires
specifying the parameters of the contact elements at each reference frame. The process
can be accelerated by using programming shortcuts such as a custom class or function.
Lastly and optionally, the results of all the contact elements must be aggregated to
compute the resultant interface force and moment. Clearly, the contact model requires
more steps to prepare the model compared to the conventional model. However, it can be
challenging to quantify the difference in model preparation time due to its dependence on
the simulation tool and the skill of the user of the tool.

Computational time is also a relevant aspect when considering the difference between
the two models. The contact model adds several contact elements in the muscle
recruitment optimisation problem of the model. This can significantly increase the
computational time. In this work, batch processing was used to sequentially run
parameter identification on a standing reference trial followed by the kinematics and
inverse dynamics analysis of the eight trials. The simulations with the contact model took
more than three times the time required than those with the conventional model.
Moreover, the contact model also requires a greater memory overhead to load and run the
model due to the additional contact elements and reference frames compared to the
conventional model. This can be relevant in case parallel processing is used to reduce the
computational time. The trade-off between accuracy and computational cost depends on
several factors. It depends on the shape of the interface. Simple shapes, like a cylinder,
would require fewer contact nodes than intricately contoured shapes. It depends on the
purpose of the analysis and the required accuracy of the interface shape for the analysis
and, more generally, on the available resources. A preliminary investigation to optimise,
for example, the assistive torque from an exoskeleton may benefit more from the time
saved with a crude representation of the interface using a few contact elements or
reaction forces. Instead, an investigation to optimise the interface shape may benefit more
by an accurate representation of the interface shape using several contact elements.

4.5 Limitations

A limitation in this study was the kinematics of the human and exoskeleton feet. The
human foot partially penetrated the exoskeleton foot in the model. There could be two
reasons for this. Firstly, the recording of the mocap data for the feet was not optimal.
Occluded markers were more frequent at the feet than elsewhere on the leg. The presence
of the stairs during the trials possibly led to the occlusion of the markers placed at the
human and exoskeleton feet. Secondly, the model of the exoskeleton foot was a rather
simplified model of the actual exoskeleton foot. The actual exoskeleton foot interface
was made of a compliant material to allow some lateral movement of the foot in the
frontal plane, and this was not considered in the model. The simplified model might have
also led to some errors in the relative location of the markers of the exoskeleton foot in
the model and, thus, the reconstruction of the marker trajectories. The consequence of the
errors in the kinematics would have reflected in the biomechanical outputs, perhaps more
so in the outputs concerning the ankle joint.
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Another limitation of this study was data collection with a single subject only.
Multiple subjects would have provided a greater insight into the inconsistency reported
for the outputs about the ankle joint and, generally, a greater confidence in the findings of
this study.

5 Conclusions

Human-exoskeleton interaction plays an important role in the co-simulation of the
human-exoskeleton system. There are several methods in the literature to simulate the
kinetic interaction between the human and exoskeleton. This study contributes to
state-of-the-art by comparing two methods of simulating the human-exoskeleton
interface. In one method, the interface force was estimated as rigid-body contact force
accounting for static friction through an optimisation problem that minimised a cubic
function of the normalised force generated by the contact elements. In the other method,
the interface force was estimated as reaction force at a single point associated with the
kinematic joint constraints at the interface. This study showed consistent biomechanical
outputs concerning the knee, the target joint of the exoskeleton, from both the models.
However, inconsistencies between the methods were also seen in the outputs concerning
the ankle, the reason for which could not be identified.

Further, this work presents a new method to ensure kinetic alignment between the
human and exoskeleton joint axes while using kinematic data containing misalignment.
This method allows using the same model setup to study misaligned kinematics and
aligned kinetics. The work highlights practical issues that affect the human-exoskeleton
interface force and the limitations of rigid-body methods to tackle them. Misalignment
and viscoelastic properties of the actual interface affect the interface force and comfort of
the user. These issues would play a key role in a study attempting to validate the interface
force predicted by the generic rigid-body models discussed in this study. While
rigid-body models are simpler to apply, they sacrifice accuracy compared to viscoelastic
models that, on the other hand, would require significantly more effort to obtain accurate
estimates of model parameters. It could be worth investigating the difference between
rigid and viscoelastic models in future studies.
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