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Abstract

Background: Currently, control of exoskeletons in rehabilitation focuses on imposing desired trajectories to
promote relearning of motions. Furthermore, assistance is often provided by imposing these desired trajectories using
impedance controllers. However, lower-limb exoskeletons are also a promising solution for mobility problems of
individuals in daily life. To develop an assistive exoskeleton which allows the user to be autonomous, i.e. in control of
his motions, remains a challenge. This paper presents a model-based control method to tackle this challenge.

Methods: The model-based control method utilizes a dynamic model of the exoskeleton to compensate for its own
dynamics. After this compensation of the exoskeleton dynamics, the exoskeleton can provide a desired assistance to
the user. While dynamic models of exoskeletons used in the literature focus on gravity compensation only, the need

for modelling and monitoring of the ground contact impedes their widespread use. The control strategy proposed

strategy and general control scheme are introduced.

weakness

here relies on modelling of the full exoskeleton dynamics and of the contacts with the environment. A modelling

Results: Validation of the control method on 15 non-disabled adults performing sit-to-stand motions shows that
muscle effort and joint torques are similar in the conditions with dynamically compensated exoskeleton and without
exoskeleton. The condition with exoskeleton in which the compensating controller was not active showed a
significant increase in human joint torques and muscle effort at the knee and hip. Motor saturation occurred during
the assisted condition, which limited the assistance the exoskeleton could deliver.

Conclusions: This work presents the modelling steps and controller design to compensate the exoskeleton dynamics.
The validation seems to indicate that the presented model-based controller is able to compensate the exoskeleton.
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Background

Performing activities of daily living (ADL) is a challenge
for people affected by muscle weakness or neurologic
disorders, like paraplegia. Crutches and wheelchairs pro-
vide help to perform ADL. However, these devices do
not encourage the normal use of muscles and they lead
to disuse and further deterioration of lower-limb muscle
function for ADL. In contrast, assistive lower-limb robots
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have the potential to support ADL and to encourage active
participation of the user, making them valuable additions
to or replacements of wheelchairs and crutches. To nar-
row the focus, this paper looks at assistive devices that are
not stationary, i.e. fixed to the ground, and therefore allow
overground walking. To achieve this, these devices need to
be compact, lightweight and need to have energy auton-
omy. These requirements have a large impact on both
design and control decisions. Assistive robots allowing
overground walking, worn on the lower limbs and cover-
ing all joints are referred to as exoskeletons in this paper.
The term actuated orthoses on the other hand refers to
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assistive robots that span only one or two joints in this
paper.

Young and Ferris [1] point out the variety in control
methods and the absence of convergence towards one
or a class of controller methods. The variety in con-
trol strategies in assistive robotics is further backed up
by the review work of Yan et al. [2]. They classify six
groups of assistive controllers of which predefined tra-
jectory and model-based control strategies are the most
common. Predefined trajectory controllers are often used
for gait trainers and exoskeletons for complete paraplegic
persons. These predefined trajectories are enforced with
position or impedance control [3, 4]. For example, devices
for spinal cord injuries move the user’s limbs according
to these predefined trajectories. In rehabilitation robotics,
the enforced trajectories train muscle strength and coor-
dination [5-8]. Here, the impedance controller is widely
used: the more the subject deviates from the desired
trajectory, the more assistance the rehabilitation device
delivers to guide the user back to the desired trajectory,
which increases user involvement during training [9, 10].
In contrast, enforcing a trajectory with an impedance
controller is undesirable in an exoskeleton supporting
voluntary capabilities.

Our work focusses on exoskeletons that assist the vol-
untary capabilities of people suffering from mild forms
of paraplegia or muscle weakness. Enforcing a trajec-
tory with an impedance controller is undesirable in such
exoskeletons [1], because these exoskeletons need to keep
the user in charge of the motion. Model-based control
strategies, as described by Yan et al. [2], are more appro-
priate for exoskeletons assisting the voluntary capabilities
of the user. These methods rely on human-exoskeleton
models and can often compensate gravity, determine the
assistance and even incorporate balance criteria. Also
controllers utilizing the muscle activity [11, 12] are clas-
sified as model-based controller in the work of Yan et al.
[2]. In this paper, model-based control relies on physi-
cal models of the dynamics and contacts of the system
(exoskeleton and human) to determine the actuation from
the motors. In many cases, such controllers only use
exoskeleton gravity compensation [8, 10], even though the
influence of the dynamics cannot be ignored [13, 14]. Only
a few controllers compensate the complete exoskeleton
dynamics [14, 15], as this requires a full dynamic model
of the exoskeleton. The output of these model-based con-
trollers are the torque needed at each joint.

The widely used Series Elastic Actuators (SEA) [6, 7, 13]
facilitates torque control in exoskeletons. This type of
actuator has a spring(like) element in series with the
actuator. By measuring the extension and impression of
the springs, the SEAs transform the torque/force control
problem to a position control problem using their com-
pliance. This facilitates a torque-based control strategy

(2019) 16:65

Page 2 of 21

[16-18]. In addition, these actuators increase user safety
and comfort, which is important in applications directly
involving human interaction. The spring acts as a buffer
for impact and reduces the actuator inertia felt by the
user. An added advantage is that the springs are able to
store energy. Although SEAs are unable to lock this stored
energy, they do allow to reduce peak motor power when
designed properly [19]. These advantages of SEAs come
at a cost in the form of a reduced positioning bandwidth
and an increased number of mechanical parts, which may
increase the overall weight.

When exoskeletons or orthoses already have low mass
and inertia by design, compensating them is less crucial to
achieve beneficial results. Only a few ankle orthoses have
shown to be effective, as evidenced by a reduced metabolic
cost for walking or running [20-22]. All these orthoses
have low mass and rotational inertia, either by putting the
motors on a separate control station [20, 21] or because
they have no motors at all [22]. However, for complete
exoskeletons, which need to carry their own batteries and
actuators, the mass and rotational inertia is much higher,
requiring a substantial part of the actuators capabilities. If
the exoskeleton dynamics are not compensated for by the
controller, the effective assistance provided to the user is
reduced.

In contrast to the different control strategies in assis-
tive robotics [2], in humanoid robotics, a model-based
control strategy that accounts for the full robot dynamics
is common practice [23-25]. Additionally, these models
can also estimate ground reaction forces [26, 27], needed
as input to the dynamics models. In order to achieve
model-based control, humanoid robots are almost always
torque-controlled, often using force cells. The fundamen-
tal difference between humanoid robots and exoskeletons
is the presence of the human, which greatly impacts design
and control. The weight and size limits for exoskeletons
result in actuators which operate close to their limits. On
top of that, the human contributes to the actuation, possi-
bly affecting stability. Furthermore, the exoskeleton needs
to adapt itself to the motions of the human operator and
their execution speed.

The similarity between humanoid robots and exoskele-
tons provides a motivation to also move towards model-
based control in exoskeletons. The work of Yan et al. [2]
contains different types of models that are used in a vari-
ety of ways. This makes a comparison between controllers
difficult [1]. Irrespective of the used assistive control strat-
egy [2], the device attached to the person also consumes
part of the actuation. If this is not compensated for, the
provided assistance is affected. A model-based control
strategy can compensate these actuation needed by the
exoskeleton dynamics. In this way, the exoskeleton fol-
lows the motions of the human such that the human does
not feel the extra weight and inertia of the exoskeleton.
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Compensating the exoskeleton in a model-based way
allows us to more properly compare different assistance
strategies for exoskeletons.

A key element in the model-based exoskeleton dynam-
ics compensation is the contact modelling with the envi-
ronment. A change in contact situation leads to a change
in the compensation controller. In the literature, Finite
State Machines (FSM) are often used to specify different
(discrete) states of the controller [1]. Depending on the
phase of the motion, different states are defined which can
have their own control strategy. In this way, position and
force control can be interchanged depending on the phase
of motion [6, 14]. Many of the states of the FSMs implicitly
relate to the contact with the environment. For example,
the swing and stance phases of gait indicate if the foot
makes contact with the ground. In this work, the states of
the FSM are directly linked to the contact situations with
the environment.

The computation of the assistive torques can also rely
on a model-based strategy. Such a model-based approach
relies on a musculoskeletal model of the user, comprising
two parts. First, the skeletal, dynamics model calculates
the torques required at each joint for a given task. Second,
the muscle model estimates the torque which the user is
able to deliver with his muscles. The work of Carmichael
et al. [28] shows a method to estimate the assistance needs
of a person with respect to the task at hand relying on
muscle models. Hence, human capability is expressed at
muscle level and accounts for the changing lever arms of
the muscles, the muscle force-length and force-velocity
properties, and the effect of bi-articular muscles. This
makes the model usable for any activity at any speed. How
the muscle strength needs to be identified is not tack-
led, nor is the influence of muscle fatigue accounted for.
A model that is less computationally intensive expresses
human capability at the joint level by imposing joint
torque limits. However, this last model neglects the men-
tioned muscle effects. Hence, these joint torque limits are
only valid for a specific motion at a specific speed and
hence are not generalizable.

In order to achieve both the compensation of the
exoskeleton dynamics and the user-specific assistance,
this paper presents a novel model-based torque control
approach for exoskeletons. The focus lies on the com-
pensation of the exoskeleton dynamics, the model-based
assistance is computed off-line and the assistance is not
the focus of this paper. Both the model-based exoskele-
ton dynamics compensation and the model-based human
assistance are generalizable to other motions, because the
models are usable in any contact situation. The first con-
tribution is the extensive modelling of the exoskeleton
and its interactions with the environment. The boundaries
of the models and assumptions made during modelling
are presented. The modelling starts from a model-based
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control scheme and modelling procedure. The second
contribution is the design of the feedforward control
signal for the SEA. This feedforward signal is impor-
tant to obtain good torque tracking, since the bandwidth
of the feedback position control is limited. The third
contribution is the validation of the control method on
an exoskeleton for sit-to-stand motions. A sit-to-stand
motion is chosen as validation because this motion is
less reported on in the literature and it is not a cyclic
motion such as overground walking. The absence of the
cyclic characteristic makes forces and torques harder to
predict.

The Methods section presents the model-based con-
trol approach for assistive robots. The general control
scheme, modelling of exoskeleton and environment and
the feedforward for SEAs are presented. The Sit-to-
stand Exoskeleton section explains the implementation of
the model-based control methods on an exoskeleton for
standing up and sitting down. The used exoskeleton hard-
ware and sensor are also presented. The experiments and
results are described in the next section, followed by the
discussion and conclusion.

Methods: Model-based Control

Because all controllers do depend on hardware to some
extent, modelling procedures and assumptions behind
the control design are of great importance for other
researchers working on different hardware. However, for
many existing exoskeletons, a detailed description of the
control strategy is not available, as pointed out in [1].
To encourage the use of and reporting of dynamic mod-
els of assistive devices in control, a systematic modelling
procedure is presented in Table 1, focusing on a single
activity (like walking). The contact with the environment
plays a key role in the modelling procedure. Although
the modelling procedure presented in Table 1 is obvious,
the importance of the contact situations of the exoskele-
ton cannot be emphasized enough. The different contact
situations directly influence controllers.

Table 1 Modelling procedure for an activity on an existing
exoskeleton (hardware is given)

step no. name description

1 list sensors list all sensor information available for the
exoskeleton controller

2 contact determine and characterize the different
environment contact situations in the activity

3 detect decide how to detect the transition in
environment contact using the available
sensor data

4 model model the dynamic models of each different

environment contact situation and their
transitions
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This modelling procedure is supplemented by a general
control scheme in Fig. 1. This control scheme differs from
other control schemes, like the one of Tucker et al. [29],
by having a strong link with the modelling procedure. Our
control scheme has four control levels: actuator, low-level,
mid-level, and high-level control as indicated in the figure.
Their relation with the modelling steps is explained as fol-
lows. The actuator control level uses the model of one
actuator, the low-level controller uses the model of the
whole exoskeleton and the mid- and high-level controller
relate to modelling the ground contact of the exoskeleton.

The lowest control level is the actuator level, which
sends commands to a single actuator unit, consisting
of a motor and possibly a spring. Our focus is on
electric motors. Typical control approaches use velocity
controllers or torque controllers. The choice between a
velocity or torque controller influences how the dynamic
models are used in the low-level control, as the con-
trol commands and feedforward commands differ. The
inputs of the actuator controller are the sensor data
of the actuated joint and the desired reference control
signal.

The low-level controller sends reference commands to
all actuator controllers. The control strategy is either
force, impedance or position control. This control level
utilizes dynamic models of the exoskeleton and contact
models with the environment. The high complexity and
the lack of information make it impractical to model every
part of the physical world in Fig. 1. However, it is usu-
ally feasible to model the exoskeleton and its changing
interactions with the environment, which is the result of
modelling step 4. Inputs of this control level are control
gains and modelling parameters supplied by the mid-
level controller, together with sensor data of the whole
exoskeleton.

The assistance depends on the control strategy and,
consequently, is part of the low-level controller. In

(2019) 16:65

Page 4 of 21

impedance control, the assistance is directly related to
the chosen impedance and the error with respect to
the imposed reference trajectory. In force control, the
assistance is a force or torque which the assistive robot
provides to the human. In this work, the assistance torque
complies with the assistance-as-needed paradigm. Relying
on the musculoskeletal model of the human and the sen-
sor data of the exoskeleton, the capability gap [28, 30] is
calculated. This capability gap is the difference between
the torque demanded by the motion of the human and the
torque available by the human muscles.

The mid-level controller decides which model the low-
level controller should use, depending on the contact.
To achieve this, the mid-level controller changes control
gains, models and/or model parameters of the low-level
controller. In addition, the mid-level controller also trig-
gers when to start and stop giving assistance when this
assistance is not always active such as in the capability gap
calculated assistance. The mid-level controller is an FSM,
a discrete controller. The states are related to the differ-
ent contact situations of the activity, which is an outcome
of modelling step 2 in Table 1. The inputs of this control
level are the events (important occurrences) detected by
the high-level controller.

While the mid-level controller implements how the
contact models should change, the high-level controller
implements when these changes need to occur. The high-
level controller does this by sending events to switch the
state of the FSM in the mid-level controller. The events
are related to the current and future contact situation with
the environment. Hence, the high-level controller con-
sists of several intent and event estimators, which are the
outcome of modelling step 3. These estimators detect or
predict an upcoming change in contact using all the avail-
able sensor data. The predictions are needed to ensure a
continuous transition in the models used in the low-level
controller.

controllers in software

low-level

4 high-level mid-level

position, force,
impedance control

intention + event
estimator

FSM

\d

<{—> physical interaction
mmmp control commands/settings
— info of whole exoskeleton
- - »info of one joint

desired assistance in the low-level control block

human simulation

| physical world
|
‘/\\ environment
actuator-level N /
| exoskeleton
motor controller +actuators

AY

human

Fig. 1 General control scheme for an exoskeleton. The physical system in red is separated from the control by the dashed line. The control is divided
into four hierarchical levels, with a few keywords to indicate their function. The thin lines represent data flow from the available exoskeleton sensors.
The thick lines represent the control/decision commands to a lower control level. The assistance block in green transforms the sensor data to
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The following subsections present the modelling steps
of the exoskeleton and the contact situations and how to
compensate the exoskeleton dynamics in the controller.
In the first subsection, the exoskeleton dynamics model
is presented and the compensation of the exoskeleton
dynamics is derived. In the second subsection, the impact
of the contact on the dynamics is shown and the contact
modelling step is explained. The third subsection tackles
the feedforward control command for the actuator control
level to improve the performance of the controller.

Modelling and Compensation of the Exoskeleton Dynamics
The controller needs to actively compensate the dynam-
ics of the exoskeleton, as these dynamics have a negative
effect on the performance. Any exoskeleton which phys-
ically interacts with a person unavoidably adds mass and
rotational inertia to the person. When the controller com-
pensates for these added dynamics, the exoskeleton deliv-
ers the torques to move itself. As the person observes
a reduced exoskeleton mass and rotational inertia, this
control mode is referred to as transparent control. The
exoskeleton dynamics compensation does not limit itself
to gravitational effects [8, 10, 12, 31], but encompasses the
whole dynamics including inertial effects, which are not
negligible [13, 14].

A floating base dynamic model [32], see Fig. 2, is
chosen to calculate the exoskeleton torques through
inverse dynamics. This model is characterized by a virtual
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kinematic chain that connects the floating base to the
ground. This virtual chain represents all degrees of free-
dom (dof) of the floating base, but is not actuated. In
order to move the exoskeleton in the world, additional
actuated paths towards the ground are needed. Such an
actuation path is a chain of exoskeleton links connected
to the ground and running up to the base link. Each
ground contact applies constraints to the dynamic model
and introduces constraint wrenches, consisting of forces
and moments. Because most exoskeletons are only actu-
ated in the sagittal plane, a 2D dynamic model suffices to
describe them.

SEAs are often used in exoskeletons and thus have to be
modelled. An SEA consists of a spring in series with the
motor as seen in Fig. 3. The motor moves the lever arm
with respect to the reference link and a spring between
the lever arm and moving link pulls or pushes the moving
link. The angles of the lever arm and moving link rela-
tive to the reference link are 6; and ¢; respectively. The
lever arm angle 6; is the same as the motor angle after
transmission. From here on we will use the term lever
arm angle. The angle over which the rotary spring is com-
pressed or extended is «; = 6; — ¢;. The torque generated
by the spring is the actuation torque for driving the mov-
ing link, as seen in Eq. (1). SEAs are introduced to the
exoskeleton dynamics model by combining a reduced flex-
ible joint dynamic model [33] with a floating base dynamic
model [32]:

virtual chain

@ -0

g

L

floating 4 ),

sagittal plane

ground contact

Fig. 2 Floating base model of the exoskeleton. The floating base representation of an exoskeleton is characterized by a virtual, unactuated chain.
This chain consists of six dofs: three translations and three rotations in 3D. When using a 2D model this reduces to two translations and one rotation,
shown by the filled dofs. These actuators lie in one plane, the sagittal plane, shown in blue
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700

reference link

spring

a; = 0; — ¢; is the spring deflection angle

motor 0=’ transmission —— (J()(J()() "+ exoskeleton link

spring

i

lever arm (i.e. output of
transmission)

exoskeleton link

Fig. 3 Schematic model of an SEA. An SEA consists of a motor, a transmission, a spring and the outgoing link, as shown by the top schematic. All
variables are referenced against the previous link as shown by the dashed line in the lower figure. 6 is the motor angle before transmission.

M(q)§ + C(q,§)q + G(q) =STtgpr + T (@we + 1)
1)

BY + Tspr = Tmotors (2)

with the assumption that no energy is dissipated in the
contacts (e.g. by sliding friction) and with the following
definitions:

® g, 4,4 € R™!: the state vector, consisting of three
floating base variables (py, py and v/) and n joint
angles ¢;, i.e.q = [px Py v ér ... qb,,] T, see Fig. 4
for the definition of all variables,

0,0,0 c R"™1: the lever arm state vector,

M e R™: the inertia matrix,

C € R™: the Coriolis and centrifugal matrix,

G e R"™*!: the gravitational vector,

Tspr € R”*1: the spring torques,

S = [Onxg L« ,,]: the actuation selection matrix,

w, € R¥: the vector of all contact forces/moments,

Jo € R<": the contact/constraint Jacobian,

S € R™1L: the vector of human interaction

forces/torques,

e B e R"*”: the diagonal motor inertia matrix after
transmission,

® Tiotor € R the motor joint torques after

transmission.

The parameters in M, C, G and B consist of the masses,
center of masses, rotational inertias and lengths of the
exoskeleton links, which are derived from CAD models or
are experimentally identified [34, 35]. From here on, the
dependence of matrices and vectors on g or g is omitted in
the equations. The number of actuated joints of the robot
is m; r = n + 3 is the number of the floating base model
states and k is the dimension of the independent contact
constraints. For example, with one non-sliding foot flat on

the ground k = 3; with two non-sliding feet flat on the
floor kK = 6. When making contact with the ground, the
kinematics at the contact points are constrained using the
additional equations:

pe=1q =0, (3)
e i ). .
Be=Tel + e =i + Zafq,q; q=0, @)
]

j=1

with p, = [xleft Yieft Vieft Xright Vright \Ijright]T represent-
ing the positions and angle of both feet with respect to the
world frame.

The human is modelled as an independent distur-
bance f) acting on the exoskeleton at joint level, as
seen in Eq. (1). This human input consists of two forces
and one moment at the floating base and » human
joint torques. Another way of modelling the interac-
tion between exoskeleton and human is to identify every
interaction point and measure every interaction force
and moment. This is not a practical solution, because
it requires expensive force cells at every link, potentially
multiple ones if single axis force cells are used. These force
cells add weight and consume space. The human interac-
tions f, represent the assistance delivered by the exoskele-
ton to the human. To calculate the transparent control
torques, the human interactions f, are set to zero. When
the exoskeleton needs to provide assistance, a desired vec-
tor of interaction forces and torques f', 4., is added to the
exoskeleton dynamics compensation torques. From here
on, we only consider assistance at the joints, referred to as
assistance torques T ,isc. When no interaction forces are
desired, the exoskeleton acts transparently.

The spring torques required to compensate the
exoskeleton dynamics are derived from the n lower rows
of Eq. (1):



Vantilt et al. Journal of NeuroEngineering and Rehabilitation

(2019) 16:65

Page 7 of 21

/
;0

angle v is the angle of the floating base with respect to the world frame

lever arms

pelvis frame (0): attached to the CoM of pelvis
thigh frame (1): attached to the upper leg (@ hip)
shank frame (2): attached to the lower leg (@ knee)
foot frame (3): attached to the foot (@ ankle)
frames have their x-axis along the link

Yo = pelvis link angle (+)

¢1 = hip link angle (+)

6, = hip lever arm angle (+)

¢o = knee link angle (-)

0> = knee lever arm angle(-)

¢3 = ankle link angle (+)

03 = ankle lever arm angle (+)

Yo

Fig. 4 Definition of frames, angles and floating base states variables of the exoskeleton. The thick black lines represent the link of one leg of the
exoskeleton viewed from the side (sagittal plane). The joints (hip, knee and ankle are indicated by black circles. The lever arms of the actuated joints
are indicated by purple bars. The frame of each link is shown in a different color with all z-axes pointing outward of the paper. The link angles ¢; and
the lever arm angles 6; are defined starting from the previous link (=reference link) and according to the right hand rule. The knee joint and lever
arm angle are thus negative in this configuration. p, and p, represent the position of the center of mass of the floating base link, the pelvis link. The

Tdyn :,Binﬁjoé + lginejoél + ajo _szowﬂ’ (5)

with jo indicating the n lower rows of the corresponding
matrices and vector, which relate to the actuated joints.
The hats on top of the matrices and contact wrench indi-
cates these are now relying on estimated values (dynamic
parameters) and the measured state vector. This way of
compensating the non-linear dynamics is a form of feed-
back linearisation [36, 37], also called computed torque-
like control [15, 38]. The gain g;, is introduced to reduce
the inertial effects in the exoskeleton dynamics compen-
sation control for stability reasons. A complete compen-
sation of the inertial terms of the exoskeleton is not
feasible, due to modelling errors and delays. These delays

are unavoidable when working with derivatives of mea-
sured variables, except when dealing with quasi-cyclic
motions [39, 40]. Therefore, the 8, gain is held constant
between 0 and 1, close to 1. The gravitational term has
no such gain, as it is less prone to modelling errors and
does not depend on derivatives of joint angles. When
the exoskeleton also has to provide assistance the desired
spring torque becomes:
Tdes,spr =Tdyn + Tassist- (6)
Torque control of SEAs often relies on position (and
velocity) controllers at the actuator level [41-43]. Hence,
the desired spring torque is converted into a desired
spring angle using the torque angle relation:
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Tspr,i = fi(0) = ges,i =f,‘_1(fspr,i)» (7)

with f being the non-linear torque-angle relation. The
spring characteristic f; only depends on joint i. These
inverse spring calculations are represented by:

Uges = inv(rdes,spr)' (8)

The spring angle is then enforced by a closed loop position
controller. The desired motor angle for each joint is the
sum of the spring deflection and the measured joint angle:
Oles,i = Uges,i + @i, or in vector notation:

0 des = 0tges + Sq, )

with the hat indicating a measured variable and with the
selection Matrix S only taking the # joint angles ¢; from

the state vector g: [¢1 . qb,,]T =9q.

Environment Contact Modelling

Any contact with the environment imposes constraints on
the kinematics in Egs. (3-4) and results in constraint forces
and moments w, on the dynamics in Eq. (1). Jacobian J,
represents information about the nature and location of
the ground contact. This contact information is derived
from sensor data, the exoskeleton kinematics and a model
of the environment.

Suitable sensors to detect contact locations are contact
switches, pressure sensors, force/torque sensors, or even
distance sensors. When none of these sensors are avail-
able, at least one absolute orientation measurement from
an Inertial Measurement Unit (IMU) is needed to estimate
the contact information. Using the exoskeleton kinematics
and some mild assumptions about the ground, for exam-
ple flat surface, the absolute orientation measurement
allows to estimate the position and angle of the feet with
respect to the ground. This, in turn, allows to estimate the
contact information.

The contact wrenches w, can be obtained from either
measurement or estimation. The first method uses
force cells to directly measure the forces and moments.
Although these sensors are capable of accurately measur-
ing the wrenches, they have several disadvantages: they
need to be placed at all contact locations, they need to
be calibrated, and are expensive when high accuracy and
repeatability is required. Overloading force cells should
also be avoided. Often when a force cell is able to be over-
loaded more, its resolution is lowered. In the exoskeleton
used to validate the developed control methods, no force
sensors are available. However, the springs in the SEAs
can be seen as simple force cells that allow to measure
joint torques. The second method estimates the contact
wrenches using the floating base part of the dynamics
given by the top three equations of Eq. (1) and the con-
straint equations (3) and (4). These equations enable us
to solve three contact wrench components. Whenever the
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number of wrench components k exceeds three, e.g. when
both feet are on the ground, the contact wrenches cannot
be solved unambiguously and a contact wrench distri-
bution needs to be found. In humanoid robotics, this is
solved by minimizing a weighted combination of contact
forces and joint torques [26, 27]. In this paper, we use a
similar method [44] in which the weights of the minimiza-
tion are determined by the stiffness of the exoskeleton
parts.

Although contacts are generally modelled with a contact
Jacobian and a contact wrench, some contact situations
allow alternative modelling approaches. Alternative mod-
elling is required when the contact wrench is hard to
obtain or the contact Jacobian cannot be constructed.
The contact between an exoskeleton and a chair/stool in
a sit-to-stand (STS) motion is a contact that is hard to
model and measure. In this case, the stool is support-
ing the weight of the exoskeleton, reducing the load on
the leg actuators. Hence, the stool contact can be mod-
elled by setting the gravity part of the dynamics to zero.
When the exoskeleton leaves the stool, the gravity part
is again active. This alternative modelling is achieved by
adding a changing gravity gain scalar §, to the exoskeleton
dynamics compensation joint torques in Eq. (5):

Tdyn = Bin (Mjoq + Cjoq) + ,Bngo —TCT,]'O/M\’C,

where the gain g, lies between 0 and 1.

(10)

Robot Dynamics in feedforward

This way of compensating the non-linear dynamics is a
form of feedback linearisation [36, 37], also called com-
puted torque-like control [15, 38].

Computed torque-like control [38] is a form of feedback
linearisation [36, 37]. It relies on a good torque con-
trol loop in order to compensate the non-linearities and
achieve linear error dynamics. SEAs allow to convert a
torque control to a position control problem using Eq. (7).
However, feedback position control of the SEAs is insuf-
ficient to compensate the exoskeleton dynamics, since the
bandwidth of this position controller is always lower than
the underlying motor velocity or current control loop.
Moreover, the varying inertia (and stiffness) seen by each
actuator requires conservative tuning of the feedback gain,
which further limits the bandwidth of the position control
loop. Therefore, feedforward is essential in SEA control
to reduce the torque tracking errors in case of rapidly
changing torques.

In order to be as effective as possible, the feedforward
signal should enter at the lowest possible level in the actu-
ator controller. This actuator control level consists of a
current control loop inside the velocity control loop. Cur-
rent feedforward is directly related to the joint torques,
because of the linear relationship between torque and cur-
rent for electric motors, given by the motor constant Kr
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(neglecting magnetic saturation). This feedforward also
depends on the efficiency of the motor and gear n, which
is not a constant, and the transmission ratio of the gears,
tr. The current feedforward Iy is based on the work of
Paine et al. [45], but extended using Eq. (2) to also take the
motor inertia B;; into account to give for actuator i:

Tmotor,i Tspri + Biiéi
Iy = = .
(& - - K7)i (& - n - K7)i

If the actuator controller allows no access to the current
control loop, the low-level controller needs to provide a
feedforward signal on velocity level. Velocity feedforward
requires a time derivative of the desired spring deflection
angle «. By taking the time-derivative of the torque-angle
characteristic in Eq. (7):

drys _ O das
dt ~ da; dt’
and combining this in a diagonal stiffness matrix K(«) =

diag(9f;/dw;), the motor velocity feedforward is written
as:

(11)

(12)

0ﬁ =Sq + K_l(a)ides,spr' (13)

The derivative of the spring torque T jeq,g,- is computed
by deriving the desired spring torques in Eq. (6), in which
the exoskeleton dynamics compensation torque for STS of
Eq. (10) are substituted:

ides,spr =Bin (Mjoé + Mjoq + Cjoq + Cjoé) + ,Bngo
O

+ ,Bngo - ]C,jowc - Ic,jgwc + Tassist- (14)
The rate of change of gain 8, has an important influence
on the feedforward signal, as the gravity is multiplied by
the time derivative of the gain terms Bg, which results in a
large contribution to the feedforward signal, 5,Gj,. Hence,
the influence of changing parameters in the dynamics can
be an important contribution to the feedforward com-
mand, as shown by the derivative of the spring torque
in Eq. (14). The gain for the inertial parameters g;, is a
constant and hence no time derivative is needed.

When no desired trajectory is imposed, the exoskele-
ton needs to follow the human as closely as possible. In
this case, the inputs of the velocity feedforward of the
low-level controller are based on measured state variables
and their derivatives: ¢, E and ;1\ To prevent instability
due to modelling errors and noise, the feedforward gain
needs to be set (slightly) smaller than 100% and the third
order derivatives of the measured state vector E are omit-
ted, because of their noise sensitivity. Only when working
with predefined trajectories or predictions of the desired
feedforward, the § term is usable when these signals are
derivable at least three times. When no desired trajectory
is at hand, the exact (full) feedforward cannot be attained
in practice.
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Sit-to-stand Exoskeleton

The contributions of this paper are validated on a bilateral
lower-limb exoskeleton for STS, shown in Fig. 5, devel-
oped in the MIRAD project. The design of the MIRAD
exoskeleton focuses on the hip, knee and ankle joints in
the sagittal plane [46]. The range of motion and torques of
these joints are largest in the sagittal plane for most activ-
ities of daily life. Standing up and sitting down demand
high hip extension and knee extension power [47], while
the range of joint motion during this activity is large. On
the other hand, walking demands high ankle plantarflex-
ion power. Therefore, the exoskeleton only has rotational
joints corresponding to the sagittal hip, knee and ankle
joints. These joints are equipped with MACCEPA actu-
ators [48], which are SEAs capable of changing their
stiffness, i.e. Variable Stiffness Actuators. The MACCEPA
actuator uses linear compression springs with a non-linear
lever-arm system, but the spring behavior at the joint level
is modelled as a non-linear rotary spring according to
Eq. (7) and Fig. 3. As the human joints outside the sagittal
plane also exhibit small motions, flexibility of the mechan-
ical frame allows small, out-of-plane motions. This makes
the exoskeleton significantly more wearable. Additionally,

Fig. 5 The MIRAD sit-to-stand exoskeleton. A side view of the MIRAD
sit-to-stand exoskeleton is shown. The power and communication
cables for each joint are not present to avoid overload of the
photograph. The MACCEPA actuators are placed at the hip, knee and
ankle of a commercial lower limb brace
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the links are adjustable in length to increase the range of
potential users.

The MACCEPA actuator used in the exoskeleton is
shown in Fig. 6. The lever arm and flat cable transform
the linear translation spring into a non-linear stiffening
rotational spring behaviour. In addition, the pretension
controls the rotational stiffness. More pretension results
in higher rotational stiffness. The pretension is kept the
same during all motions. The drawback of the lever arm
and cable system is the introduction of backlash around
the alignment of the lever arm and output link. The motor
in this MACCEPA is a Maxon EC 45 flat 50W motor
with a Maxon Spur Gearhead GS 45 A and a toothed
belt transmission, resulting in a transmission ratio of 188.
The nominal torque and nominal velocity at the output
of the toothed belt are 11.2Nm and 28rpm (=2.93rad/s)
respectively. The peak torque can reach up to 15Nm when
overloading the motor.

The actuator is equipped with an absolute magnetic
encoder (AMS, AS5048A, SPI, 6 pins, 5V, 14bits) to mea-
sure the lever arm angle with respect to the motor link
;. A relative optical encoder (US Digital HUBDISK-2-
2000-625-1E, module: EM1-2-2000-1, DI/O, 5 pins, 5V)
measures the angle of the output link with respect to the
motor link ¢;. The motor velocity is estimated from the
hall sensors and also motor current is measured. All motor
data and sensor data is captured by the communication
board on every joint and send to the central processing
unit over EtherCAT [49]. In order to have an additional
absolute measure of the floating base states (py, p, and
p-) and their derivatives, an IMU of Xsens [50] provides
accelerations, angular rotations and the orientation of the
Sensor.

The designed actuators including sensors, motor con-
troller and communication boards are mounted on
commercial available braces [46]. The mass, center of

(2019) 16:65

Page 10 of 21

mass coordinates and the rotational inertia of each part
of the exoskeleton are shown in Table 2. These dynamic
parameters are identified in previous work [35].

Most exoskeletons that have assisted sit-to-stand
motion focus on paraplegic patients [51] [52] or focus
on gravity compensation of the person [53]. Nakamura
et al. [53] showed a reduction in human EMG when
they assisted with a simplified human model to compen-
sate part of the human weight. The MIRAD exoskeleton
is intended for people who still have voluntary motion
capabilities, and uses the model-based torque control pre-
sented in the Methods section. The modelling procedure
in Table 1 is illustrated on the STS activity.

Modelling Step 1: List sensor data available to the
exoskeleton controller

The following measured variables are available to the
exoskeleton controller:

relative rotary encoders measure all joint angles ¢,
the joint angular velocity ¢; of each joint is obtained
by counting the number of high frequency clock
pulses between two encoder pulses,
absolute encoders measure the lever arm angles 6;,
hall sensors measure the lever arm angular velocities
0

e an IMU of Xsens placed at the pelvis returns the
floating base angle v, its derivative 4 and the
accelerations a, and ay at the sensor location, which
are related to p and p,

e asecond IMU at the sternum monitors the human
trunk.

The kinematic constraints in Eq. (3) and (4) enable us to
estimate the floating base states and derivatives from the
joint angle measurements. However, small deflections out

EtherCAT board

Motor

Optical encoder :
\ 1

|
- for encoder

Magnetic encoder

Protective cover )
Pretension

Screws

driver / Bel . Compression spring
/ elt cover i Joint Large pulley
Outrunner motor I axle  with leverarm
with spur gearhead 4//,,,—«—f‘”"’" I “’"”"‘”*—*"*rwm—— —]
" Motorlink ! Output link

Fig. 6 The MACCEPA actuator. The motor is connected to the lever arm with a toothed belt transmission. A flat cable connects the lever arm with
the compression spring located in the moving output link. When the lever arm and output link are aligned, the torque generated by the MACCEPA
is zero. The pretension screws allow to give the spring a pretension to change the stiffness relationship of the actuator
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Table 2 Dynamic parameters of the STS exoskeleton with all leg
lengths setto L = 0.42m

part mass  center of mass (xy) w.r.t.joint rotational inertia
left foot 121kg (0.09217,—0.0690)m 0.00849kgm?
left lowerleg ~ 1.88kg (0.1883,0.0109)m 0.0105kgm?

left upperleg  2.53kg (0.2268,0.0088)m 0.01529gm?
right foot 1.19g (0.09121, —0.0686)m 0.00792kgm?
right lower leg  1.96kg (0.1826, —0.0067)m 0.0118kgm?
right upper leg 247kg (0.2301,0.0152)m 0.01568kgm?
pelvis 1.59%g (0.113,—0.072)m 0.0072kgm?

of the 2D plane and noise on higher derivatives of the joint
angles, make the floating base derivatives unreliable. Fur-
thermore, the exoskeleton requires at least one absolute
measurement to know its orientation in the world. There-
fore, an IMU placed at the pelvis provides this additional
information. The IMU measurements are fused together
with the floating base estimates based on the kinematic
constraints. This is done by considering all the IMU
measurements and the kinematic constraint estimates as
inputs of a Kalman filter with a constant acceleration
motion model. The accelerations of the joint angles ¢;
and lever arm angles 6; are obtained also by relying on a
Kalman Filter for each joint with a constant acceleration
motion model.

Modelling Step 2: Determine contact situations
The STS activity is characterized by two different contact
situations: contact and no contact with the stool, as shown
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by Fig. 7. In the first case, the exoskeleton has three
contacts with the environment: both feet at the ground
and the pelvis and upper limbs at the stool. In the second
case, only the feet still touch the ground. Seat-off is
defined by the instance at which the exoskeleton and per-
son no longer touch the stool and it separates the two
contact situations.

The two different contact situations are directly related
to two discrete states, the sit state and the stand state, in
the FSM of the mid-level controller in Fig. 8. The sit state
and stand state are accompanied by two additional states
for transition between the contact states: a standing-up
state and a sitting-down state. The implementation of the
action at each state depends on the modelling of the con-
tact situations and follows in step 4. A separate FSM in the
standing-up state allows to independently start and stop
the assistance. The transition between states is triggered
by events, as shown by the arrows in Fig. 8.

Modelling Step 3: Detect and predict contact transitions

The events that change the state of the FSM are presented
in Table 3. All these events are monitored or predicted
by the high-level controller. The start of the STS motion
is detected by looking at the velocity of the hip angle.
When this hip velocity exceeds 14.3 deg /s (0.25 rad/s)
the STS motion starts. Other events are explained in
Table 3. The seat-off event is predicted using statistical
methods and is described in more detail in the work of
Tanghe et al. [54]. Briefly explained, a statistical model
is constructed relying on measurements of hip, knee and
ankle angles during STS motions of non-disable persons

human

Wrenchg;e

exoskeleton
knee joint

hip joint

Wrenchggng

ankle joint
on stool

seat-off event

human

Wrenchgroung
exoskeleton

hip joint

stool

ankle joint
> off stool

- exoskeleton supported by stool
- only compensate inertia, centrifugal and
coriolis

Fig. 7 Different contact situation of the sit-to-stand motion. In the sit-to-stand motion, seat-off is the key event for modelling. In the sit state, the
exoskeleton is supported by the stool and only the inertial, centrifugal and Coriolis terms are compensated for (only the trunk can move). In the
stand state, the exoskeleton is no longer supported by the stool and needs to support its own gravity

- exoskeleton has to completely
support itself
- compensate all dynamics
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Standing-up

TransitionCompensationOn

- gradually increase compensation

B, = f(scat off pr(:d)/

no assistance

e_detect_ start,

. e_ assistance
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__done
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B=1

sistance torque

e_finish_sit_to_stand

until the person sits back on the stool
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- compensate whole exoskeleton:
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Fig. 8 Mid-level controller of the exoskeleton. The Finite State Machine of the sit-to-stand motion has four main states: sit, stand, standing-up and
sitting-down. Four events trigger the change from state to state. In the sit state only the inertial and Coriolis compensation of the exoskeleton is
active. In the standing-up state, the gravity compensation is gradually turned on before the seat-off. When the compensation gets one or when the
seat-off is detected, the gravity compensation is completely on. When the event to start the assistance is detected, the assistance is switched to
active. In the stand state the exoskeleton is completely compensated. In the sitting-down state, gravity compensation is gradually reduced to zero
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without exoskeleton. During these STS movements in
the lab, a force plate underneath the stool measured the
ground reaction forces. The force plate data was the
ground truth for the seat-off event, but this informa-
tion is not available for the exoskeleton controller. The
hip angles were found to hold most information to pre-
dict the seat-off event. A method to detect the start of
assistance based on Artificial Neural Networks (ANN) is
also presented in their work. All predictions and estima-
tions rely on joint measurements, as sensors to detect
contact with the stool are not available. Only the joint
angles related to stand g;s4nq for determining the end
of the STS motion are tuned for each person individ-
ually. This is done by capturing these angles when the
person is standing upright before the experiments start.
All other parameters are generalized and thus used for all
participants.

Table 3 High-level controller: event detection/prediction

event detection/prediction

e_start_sit_to_stand Gnip > 143 deg /s

predict seat-off time ;o t @ Max(Ghip predicted)
e_seatoff_detected Max(Ghip puffereal t1) == Max(Qnip puffereal t+11)
e_detect_start_assistance tso — teyrent < 0.115 or ANN [54]

e_assistance_done Tgs == 0
e_finish_sit_to_stand qi close to Gistand
e_start_stand_to_sit Gknee < —28.6deg and Gxnee < —17.2deg /s
e_seatdown_detected  Gunee < —68.8deg
e_finish_stand_to_sit Qknee < —77.3deg and |Gknee| < 5.7 deg /s

e_error any encoder, controller or prediction error

Modelling Step 4: Model the exoskeleton for each situation
The dynamic model for the exoskeleton is a floating base
model in both contact situations. In both cases, we assume
that both feet stay in contact with the ground, hence no
foot is lifted or moved. The contact Jacobian and contact
wrench of the feet are constructed with the contact loca-
tion at the heel. As each foot is also assumed flat on the
ground, the contact wrench of each foot consists of two
forces and one moment. These contact wrenches cannot
be solved with the three floating base equations alone.
An optimization based on the stiffness of the exoskeleton
[44] is used to solve the six contact wrench components,
as described in the Methods section. As the stool con-
tact is both hard to locate and measure, it is modelled by
introducing gain parameters in the dynamics, see Eq. (10).
When the exoskeleton and human are seated, the stool
supports almost all the weight. Hence, the exoskeleton
model is a floating base model without gravity by setting
Bg to 0. When the stool contact is broken, the exoskeleton
is required to compensate its own weight and the gain 8,
issetto 1.

The exoskeleton gravity compensation gain 8, should
not be turned on and off instantaneously. From measure-
ments of the human-stool interaction forces we know
that the reaction force on the stool decreases almost
linearly, starting approximately 0.3s before seat-off until
seat-off [54]. Hence, the model of the exoskeleton has
to change linearly from a model without gravity at 0.3s
before seat-off to a model with full gravity at seat-off, i.e.
the exoskeleton gravity compensation gain 8, needs to
increase linearly from zero to one in approximately 0.3s.
This linear increase of 8, is implemented in the standing-
up state in Fig. 8. The increase in 8, is made dependent
of the time until the current predicted seat-off: 8, =
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1- tuntillseat—oﬁ’,predicted/ 0.3s when Luntillseat—off predicted >
0.3s, with Zyusitiseat—off predicted is the predicted time until
seat-off. This ensures that the exoskeleton gravity com-
pensation is built up faster when the seat-off is reached
faster. This shows the importance of the two additional
states standing-up and sitting-down in the FSM. The gain
Bg used to switch the contact model is shown in the FSM.

Overview of the low-level controller

Figure 9 gives an overview of the continuous control loops
for the STS exoskeleton. The focus lies on the actuator
and low-level controllers, as the mid-level and high-level
controllers are already shown in Fig. 8 and Table 3 respec-
tively. The control loops are shown for an exoskeleton with
velocity controlled SEAs. In the low-level controller the
dynamic model generates the spring torque 7 4, required
to compensate the exoskeleton dynamics. The inertial and
Coriolis and centrifugal parts of the dynamics are only
partially compensated by setting S;, to a constant gain of
0.75. A full dynamic compensation of the exoskeleton is
not feasible due to modelling errors, filtering delays, clo-
sure of the loop with measured variables and the play in
the Maccepa actuators around zero torque. The joints are
filtered with independent constant acceleration Kalman
filters.

The spring torques of the exoskeleton dynamics com-
pensation 74y, are combined with the assistance torques
T 4ssist to give the desired joint torques 7 4. These torques
T 4es are transformed to desired motor angle 8 ;. inputs for
each actuator controller, using Egs. (7-9) in the low-level
controller. This is followed by a closed-loop proportional
position control (orange) with a gain P of 10s~!, which
results in a position bandwidth around 1.6Hz. This low
gain keeps the system conservatively stable under the
changing inertia of the non-linear exoskeleton dynamics
and under the non-linear spring. To make up for the low
position bandwidth, velocity feedforward @ 7 is introduced
using Egs. (13-14). The signal enters the velocity control
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loop as the motor current control is not accessible. The
feedforward, which relies on measured variables in this
STS motion, is set to 90%, to prevent instability. Also,
the third order derivative of position § of Eq. (14) is not
considered due to the high influence of noise on higher
derivatives.

Experiments and Results

We validated the exoskeleton dynamics compensation
controller on non-disabled individuals. If the model-based
compensation of the exoskeleton dynamics is success-
ful, there should be no difference between muscle effort
during STS when no exoskeleton is worn and when the
exoskeleton, controlled for near-full (8;, = 0.75) exoskele-
ton dynamics compensation, is worn. Ideally, this com-
pensation of the exoskeleton dynamics should be 1 (100%),
but could not be attained in practise. Also the human
kinematics and dynamics should be similar in both cases.
In addition, we also verified how well the torque controller
was able to deliver the demanded spring torque. The
stand-to-sit motion was not analysed in depth, because we
focused on standing up. No walker or any other support
was used during the STS experiments.

Participants

The exoskeleton was tested on 15 young adults (10 males,
5 females, 26.4 + 3.3 years, 71.3 £ 9.2kg). The partic-
ipants had no prior experience with exoskeletons. The
exoskeleton link lengths were adjusted to each partici-
pant and the exoskeleton joints were aligned with the
participant’s joints. All subjects gave informed consent in
accordance to the ethical committee of UZ Leuven before
participating in the study.

Assistance

The provided assistance torques are additional torques
in addition to the exoskeleton dynamics compensation
torques. As the non-disabled participants do not need this

low-level controller (-7,,
_______________________________ ‘
| constant f3;, !
| | actuator controller
I bor T ———— T ——— ! spring
i i Leam] . | . I
1 inverse dynamics control gain|, Uades. b velocity ) //-\\ exoskeleton
1 F, -1 > MOIOr [e=t=€
.10 inv P[s + +h
| (eq. 10) ‘ : » [T 1N controller | \\_J/ uman
L inverse spring relation | |
-—-rF--—-d - - - - — - = === == ] I
selection matrix | 5 |
v Gt G S(eq. 1) b= = = e - -
l 0
change contact 7~
kalman filter 4
model: §, alman Ti
7
Fig. 9 Overview of the exoskeleton controllers. The control loops of the exoskeleton are given. The actuator controller is a velocity controller of the
motor angle 6. The input of this actuator controller comes from the low-level controller: the desired velocity and the velocity feedforward. Both
signals use the dynamic model and the model of the spring. The feedforward @ is obtained from Eq. (13-14)
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assistance, the goal of the assistance is to reduce the con-
tribution of the participants compared to the case when
no assistance is given. The assistance is an off-line com-
puted assistance-as-needed (AAN) torque. Hence, this
was a precomputed torque profile that was given as assis-
tance in the assistance-as-needed condition. The start of
the off-line generated assistance was learnt using artificial
neural networks [54]. These neural networks learned to
map the start of assistance on the human torques needed
during standing up. The network was trained on data from
the initial tests on several volunteers to only predict when
the off-line generated assistance needed to start. Training
the network on several persons allowed to use the net-
work on multiple participants without having to calibrate
for every individual. However, when the motion deviates
a lot from the demonstrated motions (elderly or disabled),
the neural network needs retraining.

To compute this assistance, data from an earlier study
[30] was used. Marker data of several participants of
this study was used to scale musculoskeletal models in
OpenSim 3.2 [55]. To simulate muscle weakness, the
muscles were artificially weakened in the musculoskele-
tal models. The same kinematics and force plate data was
applied to the models. Because of the muscle weakening,
the models were no longer able to generate the required
torques to perform the recorded motion in simulation.
Subtracting the simulated muscle-generated torques from
the required torques, prescribed by the human dynam-
ics, leads to the assistance-as-needed torques. Eventually,
this should be calculated on-line while moving with the
exoskeleton. However, in these first experiments, these
calculation were simulated off-line and averaged over the
seven non-disabled participants of the earlier study.

Protocol

Each participant came once to the measurement lab for
the full experimental protocol. The measurement involved
standing up from and sitting down on a stool, set to
100% knee height. Each STS movement (with or without
exoskeleton) was characterized as follows. The partici-
pant was instructed to wait for a verbal signal before
standing up. After the verbal signal the participant could
choose freely when to stand up at a self selected speed,
but was requested to do so fluently. After the partici-
pant was standing, he was instructed to sit down after
approximately three seconds.

Four different conditions were analysed: condition
without exoskeleton N, passive P condition (exoskele-
ton is unpowered), transparent T condition (exoskeleton
is compensated, no assistance) and off-line assistance-
as-needed A condition, always performed in that order.
The passive condition was evaluated to Because adjust-
ing the exoskeleton to the participant and putting on
the exoskeleton takes almost half an hour, the motions
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without exoskeleton were always performed first. The par-
ticipant had to stand up and sit down five times in condi-
tion N. Next, the exoskeleton was put on and the exoskele-
ton IMU sensors were calibrated. For each exoskeleton
condition, 21 motions were performed, of which the first,
middle and last three were recorded. This way, we could
analyse if the user would require some time to adapt to the
control method in each condition. However, a required
adaptation time was not perceived. In this paper, only the
last three motions of each condition were used. Between
each exoskeleton condition, a short break of 5min. was
introduced to prevent fatigue and to let the participant fill
out a questionnaire.

Kinematics and kinetics

To validate the exoskeleton controller, the motions of
the participant and exoskeleton were recorded with a
reflective marker motion capture system consisting of ten
cameras (Vicon Motion Systems, Oxford Metrics, UK)
sampled at 100Hz. A total of 34 markers were placed on
bony landmarks of the participant. In addition, clusters
with three markers were placed on lower and upper arms
and upper legs, and a head band with four markers was
worn by the participant. In the exoskeleton condition, the
markers on the participant’s pelvis were removed due to
incompatibility with the exoskeleton pelvis module. Four
markers placed on the exoskeleton pelvis module were
used to locate the participant’s pelvis.

Three force plates (AMTI, Waterworn, USA) placed
under both feet and a stool respectively captured the
ground reaction forces at a sample frequency of 1000Hz.
The way the force plates were set up in the lab prevented
the participants from placing their feet in a self-selected
position. As a result, the right leg was placed slightly more
outward compared to a self-selecting normal sitting posi-
tion. Attention was paid to make sure the feet were placed
in the same positions in every condition. Placing the feet
in a non self-selected position might have an impact on
the kinematics, torques and muscle usage. Because the
foot placement was kept the same for every condition,
any deviation due to a non self-selected foot placement
is present in every measured condition. In addition, the
data used for the off-line assistance torques [30] was also
recorded with the same foot placement.

All marker data and force plate data were low-pass
second order Butterworth filtered with zero-phase lag
at 6Hz. Inverse kinematics of the marker data resulted
in the joint kinematics using OpenSim 3.2. A partici-
pant model was created by scaling the standard OpenSim
generic_92_23 model to the weight and size of the par-
ticipant. The exoskeleton dynamic model was added to
this scaled participant model. The inverse dynamics were
calculated in OpenSim 3.2 using this total model, the cal-
culated joint kinematics and force plate data. This resulted
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in the total joint torques of both participant and exoskele-
ton. The marker and force plate data were synchronized
with the exoskeleton data, which was recorded at 500Hz.
This allowed to subtract the exoskeleton torque contri-
bution (Eq. (7)) from the total joint torques to give the
participant’s joint torques.

Electromyography

The different control conditions were also compared
by looking at muscle usage. We measured surface elec-
tromyography (EMQG) signals of the rectus femoris (RF),
vastus lateralis (VL), biceps femoris (BF), medial ham-
strings (MH), tibialis anterior (TA), gastrocnemius later-
alis (GL), soleus (So) and vastus medialis (VM) bilaterally.
The self-adhesive electrodes were placed two centimetres
apart and in the fibre direction on the belly of each mus-
cle in accordance with the Seniam guidelines [56]. EMG
signals of the 14 muscles were sampled at 1000 Hz using a
wireless EMG system (ZeroWire, Aurion). The raw EMG
signals were band pass filtered between 20 and 400Hz with
a second order Butterworth filter. The signal was then rec-
tified and low pass filtered at 10Hz with a second order
Butterworth filter. The EMG processing is done accord-
ing to the Seniam guidelines [56] The muscle effort was
approximated by the time integral of the rectified and fil-
tered EMG values during the STS motion. Since there was
a resting period between the measured conditions, the
EMG was not corrected for fatigue between conditions.

Statistics
The relative change in muscle effort in the passive con-
dition compared to the transparent condition and in the
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condition without exoskeleton compared to the trans-
parent condition was evaluated with a Wilcoxon Signed
Rank Test [57]. The statistical tests of the 14 muscles are
one family of tests. Hence, p-values of the muscles tests
were corrected for multiple comparisons with Bonferroni-
Holm [58] correction. The 14 p-values from comparing
two conditions are ordered from low to high. The p-value
on rank i is Bonferroni corrected for 14 — i + 1 tests
(PBonferronii = (14 — i+ 1) x p) and compared to the
significance level (here 0.05). When the Bonferroni cor-
rected p-value of rank i is not significant, the test stops
and all following p-values (i + 1 to 14) are also not sig-
nificant. There are three families of muscle tests: passive,
transparent and without exoskeleton. The multiple testing
of the three conditions is corrected by a simple Bonferroni
correction by multiplying all p-values by 3.

To compare the human joint angles and torques
between the different conditions, a one dimensional Sta-
tistical Parametric Mapping (SPM) Friedman’s ANOVA
was used [59]. This method also corrects for multiple
tests. When significance was reached, a post-hoc test was
needed to find between which groups the differences were
significant. This is done with a two-sample t-test between
the combination of conditions N vs T and P vs T, again
correcting for multiple testing.

Results

The main objective of the experiments was to show the
effectiveness of the model-based compensation of the
exoskeleton dynamics. Therefore, the muscle efforts of
fourteen muscles were compared in Fig. 10. Especially the
quadriceps muscles, of which the vastus medialis, vastus
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lateralis and the rectus femoris were measured, con-
tribute to the STS motion. Eight out of the fourteen mus-
cles required significantly (Bonferroni-Holm corrected p
<0.05) more effort in the passive condition P relative to
the transparent condition T, as Fig. 10a and Table 4 show.
All of the recorded quadriceps muscles (RF, VL and VM)
showed significant difference. In contrast, in the muscle
effort of the condition without exoskeleton N compared
to condition T, no significant differences were detected in
any muscle, as Table 5 and Fig. 10b show.

To further examine the effectiveness of the transpar-
ent control, we compared human kinematics and joint
torques of the hip, knee and ankle during the STS motions
computed by SPM in Fig. 11. The reference posture for
the human joint kinematics (Fig. 11a to 1lc) is stand-
ing upright (zero angles). The comparison of kinematics
between the transparent condition T in red and the pas-
sive condition P in black showed significant differences
(Peorrected <0.05) in the hip (pcorrected = 0.008) and knee
(Peorrected < 0.001) angle around 50% of the STS motion,
indicated by a blue bar. This could be expected as in con-
dition P, the hip (more flexion) and knee angle (more
flexion) evolved slower to the angles of standing upright.
No significant differences (pcorrected >0.05) were found in
the kinematics between the condition T in red and con-
dition without exoskeleton N in blue during STS. The
human joint torques (Fig. 11d to 11f) showed significant
differences (pcorrected <0.05) between condition P and T in
the hip (Peorrected = 0.007) and knee torque (Peorrected <
0.001), indicated by a green bar. In condition P, the exter-
nal hip torque was more negative (more flexion torque)
from 40 to 50% of the motion, while the external knee
torque was significantly larger (more flexion torque) from
30 to 65% of the STS motion. No significant differences
(Pcorrected >0.05) were found in the hip, knee and ankle for
condition T and condition N, during the STS motions.

As the focus is on the compensation of the exoskeleton,
Fig. 12 shows the effectiveness of the torque control loop.
The desired 7 jeg,,- and measured Ty, spring torques of
the hip, knee and ankle joints are compared in the trans-
parent control condition T. The controller is able to track

Table 4 Bonferroni-Holm corrected p-values P vs T

left corrected uncorrected  right corrected uncorrected
muscle p-value  p-value muscle  p-value  p-value

BF L 0.7632 0.1272 BF R 0.0945 0.0052

GLL 0.0293 0.0012 GLR 0.3926 0.0327

MH L 0.7632 01272 MHR 0.4449 0.0494

RF L 0.0051 0.0001 RF R 0.0293 0.0012

TAL 0.1465 0.0098 TAR 0.0081 0.0002

VLL 0.0081 0.0002 VLR 0.0051 0.0001

VM L 0.0073 0.0002 VMR 0.0048 0.0001
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Table 5 Bonferroni-Holm corrected p-values N vs T

left corrected uncorrected  right corrected  uncorrected
muscle  p-value  p-value muscle  p-value  p-value

BF L 1 1 BFR 1 0.1040

GLL 1 0.0494 GLR 1 03757

MH L 1 0.0923 MHR 1 0.6355

RF L 1 02412 RFR 1 0.1909

TAL 05333 0.0137 TAR 1 0.1272

VLL 1 0.0419 VLR 1 0.1531

VM L 0.3384 0.0081 VMR 1 0.0676

the desired 7 g5, spring torques. This is also confirmed
by the low torque errors T error = (T des,spr —?sp,) in Fig. 12d
to 12f.

The results of Fig. 13 show the desired and delivered
torques at the hip, knee and ankle joint in the assistance-
as-needed condition (A). During the largest part of the
STS motion, the desired g5, in blue and measured
(=delivered) Ty, in red spring torque overlap in Fig. 13a
to 13c, and the average errors Tepor = (Tdesgpr — Topr)
remain small in Fig. 13d to 13f. However, the measured hip
torque Tsp, is lower than the desired one 7 e, around
seat-off in Fig. 13a, which means the assistance is not
given completely. This is also indicated by the large aver-
age error Temor in Fig. 13d. At this Alocation, the motor

measured acceleration torque ﬁmoté (in orange) of the
hip is very high leading to saturation of the hip motor.
In contrast, the knee torque is able to follow the desired
torque around seat-off, which means the assistance is
given completely. Important to note is that the required
steep build-up of torque at the knee before seat-off is
achieved by the controller.

Discussion

In order to compensate the exoskeleton dynamics, mod-
elling the contacts of the exoskeleton with the environ-
ment are crucial. These contacts play a major role in the
controller, as they largely affect the exoskeleton dynamics.
Modelling these contacts is often not tackled but evaded
by utilizing different dynamic models for every contact sit-
uation [14] or changing the control strategy [1, 7]. In this
work, effort is put in modelling the contacts and using
the same dynamic model (floating base) in the different
contact situations.

The STS motion demonstrated the importance of good
contact modelling: the stool contact changes, which
greatly influenced the exoskeleton dynamics. While on the
stool, the exoskeleton is supported and the actuators do
not need to compensate the weight of the exoskeleton.
The stool contact is modelled by setting the gravity of the



Vantilt et al. Journal of NeuroEngineering and Rehabilitation

(2019) 16:65

Page 17 of 21

a hip angle b knee angle C ankle angle
__ 80 —_— = 0 @ !
E}) 1 i 20 i 40 :
o ' 3 -40 5 20
3 : 5 R e S—
é ' < -60 < 0 1
1 © 2 |
B . & -80 é 20 '
T ' 4 < '
B | -100 40 X
0 50 100 0 50 100 0 50 100
percentage of STS movement -] percentage of STS movement [-] percentage of STS movement [-]
d hip moment e knee moment f ankle moment
— v —_— &0 "0 T —— transparent (T)
%D X < % 05 . —pf:‘is'ive[(l“) (N
E o : 2 z | e 0
= ! = = 1
F : S0 ! 5
g 05 ' ‘25 : S i
= - : o -0. :
= ] 1 %‘ 1
SRS X [ X X < .
0 50 100 0 50 100 0 50 100
percentage of STS movement [-] percentage of STS movement [-] percentage of STS movement [-]
Fig. 11 Comparison of human joint kinematics and dynamics in three conditions: passive, transparent and without exoskeleton. The human
kinematics and joint torques of the hip, knee and ankle are shown in three conditions: without exoskeleton (N) in green, the transparent
exoskeleton condition (T) in red and the passive exoskeleton condition (P) in black. The top three subfigures (a to c) represent the joint angles, while
the lower three subfigures (d to f) represent the joint torques, normalized with respect to the mass of each participant. Both the average and
standard deviation (band of ¢ are shown in each graph. The blue bars indicate time periods with a significant difference between the passive and
transparent condition of the post-hoc two-sample t-test. The corrected p-values are 0.008, < 0.001, 0.007 and < 0.001 for the hip angle, knee angle,
hip torque and knee torque respectively

exoskeleton to zero with gain 8, = 0. When the exoskele-
ton leaves the stool, it needs to compensate its whole
dynamics. All the weight of the exoskeleton is transferred
to the exoskeleton feet and S, is set to 1. The inertial term
Bin was active in both contact situations. This allowed to
also compensate the exoskeleton when the person moves
his trunk forward while sitting on the stool. The distribu-
tion of the forces over both feet while not on the stool is
performed with a model-based method [44] that account
for the stiffness of the exoskeleton.

Modelling all contact situations and relying on a floating
base model makes the model-based exoskeleton com-
pensation easier generalizable to other contact situations.
Modelling the contact results in a limited number of gain
factors to capture the change of the dynamics. Only one
gain factor 8, models the stool contact in the two situ-
ations. The prescribed variation of B, is directly linked
to the change of the vertical ground reaction force when
the stool contact changes [54]. The difference with pre-
scribing joint trajectories in impedance controllers [3, 4]
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Fig. 12 Exoskeleton transparent control evaluation. The joint torque analysis for the transparent condition is shown (condition T). The top three
subfigures (a to ¢) show the joint torque for the hip, knee and ankle for one STS motion. The desired joint torque T ges,spr is shown in blue. This desired
spring torque is torque needed to compensate the exoskeleton. The measured spring torque Tsp is represented in red. The torque to accelerate the
motor inertia is given in yellow. Seat-off occurs at the black dashed line. The lower three subfigures (d to f) show the average error (difference) and
the band of standard deviation (o) between the desired T ges,5pr and the delivered T, spring torques for all the STS motions of condition T
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Fig. 13 Exoskeleton joint torque control evaluation. The joint torque analysis for the offline assistance-as-needed is shown (condition A). The top
three subfigures (a to ¢) show the joint torque for the hip, knee and ankle for one STS motion. The desired joint torque  ges,spr is shown in blue. This
desired spring torque is the sum of the exoskeleton dynamics compensation torque 4y, shown by the light blue curve, and the desired assistance
indicated by the blue area between 74y, and T ges,sp;. The realised spring torque Ty, is represented in red. The torque to accelerate the motor inertia
is given in yellow. Seat-off occurs at the black dashed line. The lower three subfigures (d to f) show the average error (difference) and the band of
standard deviation (+0) between the desired and the delivered spring torques for all the STS motions of condition A

is that B, is not a motion trajectory, but it is one param-
eter modelling the time variation of the gravity term of
the exoskeleton. Furthermore, prescribing 8¢ is no longer
needed when a low-cost pressure sensor would track the
change of contact pressure at the stool. The change in
pressure could be directly mapped on f,.

In the passive condition (P), the human needed to move
the exoskeleton as the controller was not actuating the
exoskeleton motors. This is validated by a significant
increase in hip and knee flexion torque to stand up in
condition P, compared to transparent condition T (see
Fig. 11). Especially the human knee torque was larger in
condition P, because the exoskeleton needed larger knee
torques (see purple dashed line in Fig. 13b). The analysis of
muscle effort backs up this increase in joint torque in con-
dition P. The quadriceps muscles, of which VM, VL and RF
were measured, were significantly (Bonferroni-Holm cor-
rected p <0.05) more recruited in condition P compared
to condition T, as seen in Fig. 10a and Table 4. The signif-
icant difference in joint kinematics between condition P
and T around 50% of the STS motion can be explained by
a slower first half of the STS motion in condition P.

In the transparent condition (T), the exoskeleton had
to compensate its own dynamics, taking into account the
changing stool contact. If the contact was modelled in the
wrong way, such that the controller would compensate the
exoskeleton too early or too late, significant differences
in human joint torques and muscle effort was expected.
However, no significant differences (pcorrected >0.05) were
found for the joint torques or the muscle efforts between
condition T and the condition without exoskeleton N. The
uncorrected p-values of the muscle effort between condi-
tions T and N are found in Table 5. These values illustrate

the non-significance of the differences between N and T.
This indicates the contact modelling of the stool using 8,
is on time. Although the absence of significant differences
does not prove statistical similarity between condition T
and N, the human joint torques show great similarity in
Fig. 11. Evaluation of the control errors T, in Fig. 12
d to Fig. 12f indicates that the controller is able to track
the desired spring torque to compensate the exoskeleton
and provide assistance. Hence, the model-based controller
seems to be able to compensate the exoskeleton dynamics.

Prior to the seat-off, a steep build-up of knee torque for
the exoskeleton dynamics compensation and assistance
is demanded in Fig. 13b. This steep build-up of spring
torque at the knee would be impossible by the SEA posi-
tion control loop alone because it has a low bandwidth
(see Subsection Overview of the low-level controller). The
torque needs to be build up fast as in less than 0.3s after
the seat-off prediction the peak torques at the knee have
to be reached. The feedforward control command from
Egs. (13-14) is crucial to prevent tracking errors in the
spring compression, which would result in less torque
generated.

The error between the desired and measured knee
torque right after the assistance (Fig. 13b) and the large
error at the hip torque around seat-off (Fig. 13a) can be
explained by motor saturation. The motor inertial torque
B6 and the measured spring torque Ty, add up to about
15Nm which is the motor torque limit when overload-
ing the motor. The high hip motor acceleration and high
motor inertia, due to a high transmission ratio, led to a
high motor inertial torque Bé as shown in Fig. 13a. This
shows the importance of the transmission ratio in the
design of the exoskeleton. The high motor inertial torque
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B6 drained most of the available motor torque, prevent-
ing the spring torque Ty, from reaching its desired value
T ges,spr- The motor saturation did not influence stability.
The saturation only prevented to provide proper hip assis-
tance even though the assistance was low (6Nm). When
no assistance was needed (in condition T), no motor sat-
uration occurred, as Fig. 12 shows. In order to overcome
this saturation limit, the motor and transmission ratio
should be redesigned to reduce the reflected motor inertia
after transmission and/or to deliver higher torques.

The motor saturation indicates the importance of a
proper motor and transmission design in the early design
stages. To this end, not only the desired assistance but
also the dynamics of the exoskeleton itself needs to be
accounted for. Although the exact mechanical design
of the exoskeleton might still be unknown in the early
design stages, a rough estimate is needed to simulate the
motor torques needed to move the exoskeleton based on
human kinematics. In addition, the selection of motor
and transmission have to be solved concurrently, as the
transmission affects both the torque and the motor iner-
tia presented at the joint level. The selected motor and
transmission will affect the exoskeleton inertia and thus
alter the torques needed to move the exoskeleton. Hence,
an iterative design procedure will be needed where motor
and transmission selection and exoskeleton dynamics
simulation will have to be repeated until convergence to a
valid solution.

The high standard deviation on the spring torque error
Terror in Fig. 13d to 13f is partially caused by the difficulty
in defining the end of an STS motion. The STS motion
ends when the person is standing upright. The joint angles
need to be close to a defined set of angles related to stand-
ing and the joint velocities should be low. Because there is
a difference in how fast the person executes the last part
of the STS motion, the seat-off instance (where for exam-
ple the hip torque error is largest) is occurring at slightly
different normalized times for every participant. There-
fore, the time normalized torque error curves show larger
variance between subjects.

The study has three main limitations. First, the exoskele-
ton actuators (motor and transmission) were not able
to assist the hip at the required dynamic profile, lead-
ing to motor saturation. Although compensation of the
exoskeleton dynamics was possible, the motors were
close to or at saturation and unable to deliver any
higher assistance torques. Because the assistance was
small, the assistance condition did not differ greatly from
the transparent control control condition. Consequently,
comparisons of muscle effort did not result in significant
differences between the transparent and assisted condi-
tions. These analysis are left out of the paper. Second,
the control method was not directly compared to the
impedance controller, which is a commonly used method
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in the literature. Such an impedance controller imposes
a desired trajectory, which is difficult to provide in non-
cyclic motions and while keeping the user in charge.
Also, the detailed implementation of the impedance con-
trollers is not documented in depth and these controllers
have more gains that require tuning, which prevents
an proper comparison. The third limitation is that only
sit-to-stand motions were examined. In order to fur-
ther validate the controller methodology to compensate
the exoskeleton and model contacts with the ground,
other tasks, such as walking, should be examined in the
future.

Conclusion

The present study proposed a model-based control to
compensate the dynamics of a lower-limb exoskeleton.
This control approach was tested and evaluated on an
exoskeleton for sit-to-stand motions.

Compensating the dynamics of exoskeletons becomes
important when they enter daily life where the user wants
to be in charge. Controllers capable of compensating the
exoskeleton rely on extensive modelling the exoskeleton
and the contacts with the environment. These contacts
play a major role in this controller, as they largely affect the
exoskeleton dynamics. The sit-to-stand motion is a good
example to demonstrate the importance of good contact
modelling: the stool contact changes, which greatly influ-
enced the exoskeleton dynamics. While on the stool, the
exoskeleton is supported and the actuators do not need
to compensate the weight of the exoskeleton. When the
exoskeleton leaves the stool, it needs to compensate its
whole dynamics.

To aid in developing such exoskeleton dynamics com-
pensation controllers, a modelling procedure and control
scheme are presented in this work. The control scheme
breaks down the controller in four different control lev-
els in support of the modelling steps. Starting from
the dynamic model of the exoskeleton, the exoskeleton
compensation controller is designed. The outputs of the
exoskeleton compensation controller are the exoskeleton
compensation torques, which are enforced by a position
controlled Series Elastic Actuator. The proposed model-
based feedforward signal improves the tracking of the
position control loop. A change of the contact model also
contributes to the feedforward signal.

The effectiveness of the controller was demonstrated by
validating it on non-disabled participants. The controller
was able to follow the fast changing torque demands,
except when motor saturation occurred (at the hips).
Comparing the results between the passive exoskeleton
and the transparent controller showed significantly larger
human joint torques and more muscle effort for the pas-
sive exoskeleton. On the other hand, comparing the trans-
parent controller and the condition without exoskeleton
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showed no significant difference in results for the human
torque and muscle effort.

The saturation of the actuators during the assisted
condition, prevented a proper evaluation of the control
methods while giving assistance. Future work will include
validating the controller on an exoskeleton with more
powerful actuators and testing and validating the control
methods on walking exoskeletons.
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