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Enhancing Human Mobility Exoskeleton Comfort
Using Admittance Controller

Alexandre Rabaseda, Emelie Seguin, Marc Doumit

Abstract—Human mobility exoskeletons have been in
development for several years and are becoming increasingly efficient.
Unfortunately, user comfort was not always a priority design criterion
throughout their development. To further improve this technology,
exoskeletons should operate and deliver assistance without causing
discomfort to the user. For this, improvements are necessary from an
ergonomic point of view. The device’s control method is important
when endeavoring to enhance user comfort. Exoskeleton or
rehabilitation device controllers use methods of control called
interaction controls (admittance and impedance controls). This paper
proposes an extended version of an admittance controller to enhance
user comfort. The control method used consists of adding an inner loop
that is controlled by a proportional-integral-derivative (PID)
controller. This allows the interaction force to be kept as close as
possible to the desired force trajectory. The force-tracking admittance
controller modifies the actuation force of the system in order to follow
both the desired motion trajectory and the desired relative force
between the user and the exoskeleton.

Keywords—Mobility assistive device, exoskeleton, force-tracking
admittance controller, user comfort.

1. INTRODUCTION

XOSKELETONS are mechatronic systems dedicated to

enhancing human physical capacities or assisting the
physical rehabilitation of a patient after an injury or surgery. In
many industries, an exoskeleton can also be found as an
essential tool to facilitate and improve the working conditions
of laborers. Thanks to technological progress, more and more
human mobility assistive devices are available and their
performance has improved significantly. Until now, the main
focus has been to develop a system that is functional; however,
insufficient attention has been dedicated to the comfort of the
user. In order to improve this technology and its acceptance
among users, it is necessary to ensure that the system does not
cause discomfort. Intuitively, the elderly or people undergoing
rehabilitation must be assisted delicately.

The objective of this research is to enhance the comfort and
ergonomics of these mobility assistive devices. This can be
achieved by improving the physical interface between the user
and the device, such as the development of a physical interface
composed of a smart material [1]. Alternatively, the comfort
and ergonomics can be enhanced by developing a controller that
reduces the relative movements and forces between the device
and the user.

The control methods used are called interaction control
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methods, which are composed of impedance and admittance
controllers. However, it has been demonstrated in the literature
that these controllers are not highly effective when interacting
with an unpredictable and deformable environment, such as the
human body. Several extensions of interaction control have
been developed in order to interact with an unknown
environment [2].

During this research, a force-tracking admittance controller
was designed in order to estimate and control the interaction
force between the system and the human limb. This method
involved adding a PID controller to modify the trajectory of the
actuator and maintain the desired interaction force. This control
method was then tested with simulations on a three-dimensional
(3D) model of a test bench to study user comfort. The results
show that the force-tracking admittance controller that uses an
internal loop driven by a PID controller reduces the relative
force between the exoskeleton and the human body and thus
improves user comfort.

This paper is organized as follows. First, different methods
in interaction robotics used in the literature are detailed. Then,
the force-tracking admittance controller model is developed,
and the estimation of system parameters is presented. Finally,
several simulations are made to demonstrate the efficiency of
the controller.

II. CONTROL METHODS IN INTERACTION ROBOTICS

Different control methods exist in robotics. Depending on the
robot type or the task to be achieved, the control method has to
be chosen correctly. Indeed, each method achieves a certain
objective. In the classic robotics industry, the most common
methods are position and force controls. These methods are
often adapted to control a welding or assembly robot, and are
simple to implement in a known environment.

Other control methods were developed as technology
progressed and as applications were diversified. Specifically,
robots that interact with the human body need appropriate
control methods [3], which are called interaction controls.
There are several types of interaction controls: the most widely
known being admittance and impedance controls.

Admittance control has been developed in response to the
development of human interaction robotics. Interaction control
methods have established a dynamic relation between force and
position variables [4]. For admittance control, the input is force
and the controller output is velocity or position. This model can
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be written in the following form:

V=YF or X=Y.F 1
where F is the force applied on the robot, and V, X and Y are
velocity, position, and the transfer function, respectively.
Moreover, an admittance model commonly includes mass,
spring and damper components. When the force is applied to
the robot, the controller calculates the virtual corresponding
position or velocity. Then, the virtual variables are used to
control the real system. The virtual dynamics transfer function
for admittance is given by:

Y=1/(m,.s*+b,.s+k)) )

where m,, represents the virtual inertia, b, represents the virtual
damper coefficient and k, is the virtual stiffness. The error
between the virtual output variable and real velocity or position
is fed to the PID controller and is used to control the robot’s
joints. A simplified block diagram for an admittance controller
is shown in Fig. 1.

Exoskeleton

Admittance
Controller

Fig. 1 Basic model of admittance controller

Impedance controllers work oppositely to admittance
controllers. In this method, the input is the velocity or position
and the system output is a force. This interaction controller is
also composed of two loops: an outer velocity or position loop
and an inner force loop. For impedance control, an inner
feedback loop of torque or force is required while it is a position
loop for admittance control. Most electromechanical devices
are equipped with position loop control, therefore admittance
controllers are simpler to implement than impedance
controllers, where a force or torque loop must be designed [2].
Impedance control is more suitable to stiff environments and it
is the opposite for an admittance controller.

For the purpose of this research, the environment is a human
limb and can be considered compliant. Due to this compliancy,
an admittance controller is the most appropriate controller.

In current exoskeletons, interaction control and force/torque
or motion control are most often coupled. An exoskeleton
controller architecture is firstly composed of an interaction
controller. This establishes a relation between the force/motion
applied by the user and the error from the robot. The causality
depends on if it is an impedance or admittance controller. Then,
the force or position controller outputs the desired torque or
angle to the robot’s joints. Several devices have implemented
impedance and force/torque controllers; they are presented in
Table I.

Other devices have implemented admittance and position/
velocity controllers. They are presented Table I1.
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TABLE I
EXOSKELETONS DRIVEN BY IMPEDANCE CONTROLLER
Device Developed by
ARMin 11 & 111 University of Zurich and the

Catholic University of America [5]
Biomedical engineering department
at the Higher Spain Council for
Scientific Research [6]
University of Twente [7]

WOTAS robotic
exoskeleton

LOPES Exoskeleton

TABLE II
EXOSKELETONS DRIVEN BY ADMITTANCE CONTROLLER
Device Developed by
EXO-UL7 University of California [8]

Maryland-Georgetown-
Army Exoskeleton
1-DOF Exoskeleton

University of Maryland [9]
Northwestern University (USA) [10]

In both cases, different improvements could be made. In all
aforementioned exoskeletons, the user’s physical capacities are
not taken into account since all model parameters are fixed. In
order to achieve this, some researchers have implemented
adaptive or extended methods of control [11]-[13]. According
to [2], a conventional impedance/admittance controller is
insufficient to interact with the human body. Due to muscle
behavior, which experiences nonlinear stiffness modification
and is dependent on the motion, using fixed controller
parameters cannot achieve the target impedance. This is why
for an exoskeleton, the control method requires adaptive (active
variable) admittance control or admittance control with force-
tracking.

III. FORCE-TRACKING ADMITTANCE CONTROLLER

A. Model

The system’s rise time has a real impact on user comfort.
During a fast robot motion, the pressure between the human
limb and the device can increase and become painful and
restrict blood circulation. The resulting force from this pressure
needs to be controlled in order to improve user comfort. Several
methods exist for force-tracking in admittance controllers. The
first one involves having a virtual time-varying stiffness on the
admittance controller. The stiffness is estimated from the
difference between the force trajectory and interaction force.
This method is comparable to real muscle behavior, since the
pressure between a human limb and an object is modifiable due
to muscle contraction. An alternative method is to change the
desired position trajectory by implementing a desired position
loop with a PID controller with force-tracking error as the input.

The method used in this paper is based on using a force-
tracking loop with a PID controller in order to directly change
the actuator’s force trajectory. To simulate and test this
controller, a simplified system was considered: two masses
Mgobot and my in translation on a horizontal rail. The first mass
represents the robot linked to the frame by a damper br and a
spring kr. The second mass represents the human limb. The
interaction between the human body and the device is modeled
by a spring named kiy. In Fig. 2, the mgobot mass is the sum of
the mass mgr and mrs. The limb support mass, mcs, represents
the support used to fix the human body to the robot. This
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component is mounted on the force sensor in order to be able to
sense the external force. Fig. 2 displays a model of the human
limb linked to the robot by an interaction spring. Damping and
stiffness parameters of the human limb are not taken into
account in this first model.

" ext
*Force sensor

A

Fig. 2 Device model with limb support and human body inertias

The positions of the device mass and the limb are xz and xp,
respectively. The actuator and the human body apply forces F¢
& Fey. By applying the principle of dynamics on the model
shown Fig. 2, (3) gives the motion differential equation of the
system.

(mR + mLs).x:.R + mH..X:}_I + bRx.R + kaR = Fext + FC (3)

The force Fy, is the measured force by the load sensor. The
expression of this force is given by (4):

By = Feyt + Fipe + My Xy + myg. X5 4

The model of the interaction force Fj, is the difference
between the robot and the user’s limb positions multiplied by
the interaction stiffness k.

Fine = kine- (xg — xp1) Q)

Therefore, the external force applied by the user is the
subtraction between the measured force and forces resulting
from the mass motions.

Fext = Bp — [Kine- (xg — X)) + Zy + Z15] (6)

where,
ZH S meH and ZLS = mLs.x".R (7)

Fig. 3 shows the block diagram of the force-tracking
admittance controller. The external force passes through the
virtual admittance block Y, to set the desired position trajectory.
Then, the first PID controller named C; controls a position loop.
The inner force loop is controlled by a second PID controller
C>. Positions xg and x are measured to estimate the interaction
force and compare this value to the force trajectory F.
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Fig. 3 Block diagram of the force-tracking admittance controller

The model shown in Fig. 2 can be improved by including the
damping and stiffness behavior of the human limb. The
complete model is displayed in Fig. 4, where by and kg are the
human damping and stiffness coefficients, respectively. The
expression of the sensed force is rewritten, including these
parameters, in (8). Following the same approach as in the
previous equations, the external force is given by (9).

"
\
*Force sensor

Fig. 4 System model coupled to human limb behavior
Fm = Fext + Fint + mH..X:;.I + bH.X.H + kH.xH + mLs.x.'.R (8)

Foxe = Ep — [Kine- (xg — x5) + Zy + Zy5] ©

where,
{ZH= mH..X.'}.I +bH.x.H+kH.xH (10)
Zis = myg. X

The system being coupled with the stiffness and the damping
of the human limb does not modify the structure of the block
diagram shown in Fig. 3. Only the human impedance block
changes to the expression in (8).

B. Admittance Controller Performance

The behavior of the force-tracking admittance controller is
determined by the PID gains and virtual dynamics parameters.
PID parameters are set up during simulations. The goal in this

section is to obtain the admittance parameters (m., by, k&, K,)

according to the virtual dynamics requirements (Ts 29, Mpo;,

y()). To achieve the desired system behavior, the transient
response of admittance block Yy has to be short. Indeed, the user
must be able to carry out the motion normally and the system
must follow and assist in real-time. An underdamped system (¢
< I)is taken for the virtual dynamics in order to have minimized
settling time. However, the maximum peak of the desired
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trajectory affects user comfort and makes the system difficult

to use. This is why the maximum peak M, is an important

parameter for the admittance controller. Equation (11) gives a
normalized second-order system.

H = Kporm / (524 28w,. s + w,%) (11)

By identification, the damping coefficient ¢ and the natural

frequency w, of the admittance controller are obtained

depending on m,, b,, k.

= |k - b = Kn

W = my’ ¢ = 2 myky’ Knorm = my (12)

For an underdamped system, the settling time, the rise time
and maximal peak are calculated with:

1-§2
4 n—tan~1( )
Tsewm =g Th=—( g (13)
—&m
Mp = (4" + 1).y(e0) (14)

Based on (12) and (13), the settling time can be expressed in
terms of m, and b, as seen in (15):

_ 8my
Ts2m) = oy

(15)
In order to reduce the number of unknown variables, the
virtual mass is chosen to be a fixed value that respects the
underdamped system conditions. The virtual damping, b,, is
expressed in terms of settling time and the virtual mass.

b, = Bmy (16)
Ts (2%)
Then, to calculate the stiffness &, (14) is used.
LI W 1
In (y = 1) = = (17)

By substituting (12) into (17), the following equation is
obtained:

? _ 4my.ky
m +1= b—VZ (18)
y(c0)

The settling time can be identified on the right-hand side.
Equation (19) is a result of the substitution of (15) into (18):

(19)

n? 1 8 _ 4ky
lnz(yn(dog)—l) Ts@w  bv

Finally, by substituting (16) into (19), the virtual stiffness, &,
is estimated:
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16.my [ n? ]
= . +1
V' T Tsauy® Lin?(Mpy)

(20)
where,
Mp = y(0) +Y(°°)-Mp% - Mp% = Mp/y(») —1

The last admittance parameter to calculate is K,,, the gain
numerator.

Ky = ky.y() 1)
By substituting (20) into (21),
_ dlemy [ w2
Kn =1 @w’’ [lnz(Mp%) + 1] -y (%) (22)

IV. SIMULATION AND RESULT ANALYSIS

The force-tracking admittance controller is tested according
to the model displayed Fig. 2. The human leg characteristics
(varying stiffness and damping coefficient) are not taken into
account in the simulation. The aim of the simulation is to
display the effectiveness of adding an inner force-tracking loop
in an admittance controller in order to improve user comfort. To
show the efficiency of a force-tracking admittance controller,
the inclusion of muscle stiffness and damping models is not
necessary. For the following simulations the human limb is
represented only by a mass my. Instead of the muscle
characteristics, a disturbance force is added to the model to
analyze the system response. Fig. 5 shows the model diagram
used in simulations.

X, -
XR
D —
Force sensor
E 4 klnt ——
b, m, P AAA m, | Fer
F
/l

Fig. 5 Simplify model

The fundamental principle of dynamics is applied to each
mass in order to obtain the global differential motion equation.

mR..X.'}Q + bR.JfR + kR.xR + kint- (xR - xH) = FC

My. Xy + kine. (g — Xg) = Fexe + Fpsr (23)

For use in MATLAB, this system is written in state-space
form:
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XR
|(X=A “u +B[ ]
| R Fext+FDST
XH
{I Xg (24)
| r=¢ Xp +D. [Fext+FDST]
k Xy
where,
0 0 1 0 0 0
I— 0 0 0 l-l |[0 O-I
g |2t k) Kine el L
I R Y
kint _kint 1
L 0 0] lO o)
n o o
¢= 01 0 0] b= [

The block diagram shown Fig. 6 is used to drive the
simulations. It is assumed that the sensed force F, is equal to
the external force. Measured force and disturbance forces are
directly applied to the system and pass through the virtual
admittance block Y, to set the desired position trajectory.

=X

X

x'=Ax +Bu
y=Cx+Du

Fig. 6 Simulation controller

A. Simulations

MATLAB simulations were conducted in order to analyze
controller performance. The controller used is the force-
tracking admittance controller that was previously simplified
and presented (see Fig. 6). Different tests were carried out to
highlight the impact of this controller on user comfort. A torque
applied by the user and the robot assists the rotation according
to an assisting rate coefficient. This motion scenario can be
converted to a linear translation with a force as input.

For the first simulation, the force input is a step signal that
returns to zero when the motion is finished. This test is
composed of a system driven firstly by a simple motion
controller and then with an admittance controller. Fig. 7
displays the system time response with these two controllers.

The blue curve represents the time response of the mass mp
(see Fig. 7) without the admittance controller. The measured
force is simply converted to the desired position with a gain.
The pink dash-dotted curve is the mp time response with an
admittance controller. The transient response is softer and more
damped with the admittance controller. The transient responses
are different during the first second and then the signals are
similar. This difference is due to the desired position trajectory
calculated from the measured force. As shown in Fig. 8, the
desired trajectory without the admittance controller is only a
multiple of the force input. This trajectory implies an aggressive
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response with a short rise time.
Time Response L
T T T . T . T T T
' J
[‘!
t J
i
H J
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:
i J
i
i
1 ]
1; i
X With Admittance Controller v
X Without Admittance Controller L(_‘N_..____
-50k , , , , . , . A . 4
o 1 2 3 4 5 & 7 8 9 10
Fig. 7 Time response simulation 1
Desired Trajectories s
300 T T T T T T T T T
250+ |'I |
H
H
2000 1 E
H
!
150F ] B
L]
!
100} i _
.
]
i
50+ \ E
Trajectory with Yv A\
o Trajectory without Yy s
. . . A . . . A A
0 1 2 3 4 5 [ T 8 9 10
Fig. 8 Desired trajectories simulation 1
Interaction Forces 1
T T T T T T T T T
A0k Interaction Force Without Yv | 4
————— Interaction Force With v
80k 4
A0k 4
20 4
0
20k 4
A0k 1
60 B
BOF 4
1 1 1 1 1 1 1 1 1
[} 1 2 3 4 5 i3 T 8 8 10

Fig. 9 Interaction forces simulation 1

The high acceleration during the rise time creates a relative
pressure between the device and the user. When the desired
trajectory is generated through virtual dynamics (Yy), the
acceleration during the transient response is considerably
reduced. The desired position trajectory is more damped and the
time response is less aggressive than without the admittance
controller. The interaction force for both systems is plotted on
Fig. 9. The blue curve represents the interaction force of the
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system without the virtual dynamics block Yy.

The contact between the human limb and the robot is
modeled by a spring. It is for this reason that these interaction
forces oscillate. It is interesting to consider the difference
between the maximum peak of each signal. Due to the
admittance controller, the interaction force is reduced and user
comfort is improved.

The next simulation investigates the improvement of the
admittance controller. As explained previously, a force-
tracking inner loop is added in order to control the interaction
force by changing the actuator force trajectory. Fig. 10 shows
the time response of the system with and without a force-
tracking loop.

Time Response L
300 T T T T T T T T T
250
e
-
200 I
150
100+
5{) F
X Position with Force-Tracking
X Position without Force-Tracking
0 — — — Dasired Position
_m 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 T 8 9 10

Fig. 10 Time response simulation 2

The black dashed signal is the desired position trajectory, the
pink dash-dotted signal is the time response with the force-
tracking loop coupled to an admittance controller, and the blue
signal is the system response without the force-tracking loop.

In relation to the interaction force, the system’s performances
with a force-tracking admittance controller are better than with
a simple admittance controller. In Fig. 11, the pink dash-dotted
signal represents the interaction force between the user and the
device with the force-tracking loop.

10 . . . Inferadioln Fcrc:es . . . o

= nt@raction Foroe with Foroe-Tracking
Interaction Force without Force-Tracking

BF

Fig. 11 Interaction forces simulation 2

The interaction force is reduced by 45% with the force-
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tracking controller and the oscillations are removed. However,
the time response is closer to the desired position for system
without the force-tracking loop (see Fig. 10). The position error
of each signal is displayed in Fig. 12.

Pasition Errors
T T T

----- Position Error With Force-Tracking
[ ——— Pasition Error Without Force-Tracking

- i
'

1
!
A

i
;
I
3 4
N,
H
M
'
1

i

!

b

v I 1
H

!

4

!

i
v

Fig. 12 Position errors simulation 2

The interaction force control increases the position error due
to a change in the trajectory of the actuating force. The system
acceleration is reduced and the system response is more
damped. The inner loop of this controller corrects the
interaction force error while the outer loop controls the position
error. System performance can be modified by changing the
parameters of the PIDs. It is possible to reduce the position error
decreasing the efficiency of the PID for the force-tracking loop.

Measured Force E

Fig. 13 Measured force scenario simulation 3

When using an exoskeleton or a rehabilitation device, many
external factors can affect the system response. One of the most
significant factors is human muscle behavior. The user’s limb
can have a high-varying stiffness capacity, which is useful
when the human body needs to react to an unexpected situation.
A high force input variation reflects this muscle capacity.
Indeed, if the muscle stiffness varies considerably in a short
period of time, the force applied to the system will sharply
change and modify the desired position trajectory. The
objective of the last simulation is to re-create this situation. A
disturbance force is added in order to obtain the complete block
diagram shown in Fig. 6. Therefore, the measured force
scenario is modified and reflects the muscle reaction to an
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unforeseen situation. Fig. 13 depicts the new measured force
scenario.

Fig. 14 displays the time response with the disturbance force.
The signal legend is the same as in Fig. 10. As observed in
simulation 2, the system response with the force-tracking
admittance controller is more deviated from the desired
trajectory. This reaction avoids creating a relative pressure
between the limb and the robot as much as possible.

Time Response Lr
700 T T T T T po T T T T
800 b
500+
\
4001
300 *
¥

2001

----- X Pasition with Foree-Tracking
100 X Pasition without Force-Tracking

— — — Desired Position

[}

L] 1 pd 3 4 5 (1 T 8 9 10
Fig. 14 Time response simulation 3
The force-tracking admittance controller is very effective in

this type of situation. During the disturbance, the maximum
peak of the interaction force is reduced by 75% (see Fig. 15).

Interaction Forces s
T T T T T T T T T
60 == | nteraction Force with Force-Tracking
sol Interaction Force without Force-Tracking | |
401 1
1ol 4
20k -
101 b
o |
-10p R
0 . . . . . . . . .
[1] 1 2 3 4 5 1 7 8 9 10

Fig. 15 Interaction forces simulation 3

B. Parameter Analysis

The system’s inputs are the virtual dynamics parameters (my,
by, kv, K,,) and the gains of each PID controller (ky, ki, ka, ks, kif,
kqp). These inputs modify the blocks Yy, C;and C (see Fig. 6).
Each of these parameters affects the system’s behavior.

Beginning with the virtual dynamics parameters of the
admittance controller, the ratio K, /ky, influences the assist rate
coefficient. According to the force input, this ratio sets the
steady-state value of the desired position trajectory. The higher
this ratio, the higher the assist rate. Therefore, the K, /ky, value
is chosen according to the specific user requirements. The
virtual mass my represents the inertia of the desired position
trajectory. If this mass is heavy, the impact of a short and
intense force wvariation is reduced. However, the virtual
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dynamics block is a second-order system, meaning that a value
too high for the my mass creates oscillations and overshoot in
the position trajectory. The last input is the virtual damping
coefficient by. This parameter decreases the interaction force
during the transient response due to the damping of the position
trajectory. As for the virtual mass, it is important to choose a
value of by that avoids creating oscillations that are too strong
and overshoot in the desired position. If the by value is too low,
oscillations will appear and the interaction force will be
increased. However, the higher the damping, the higher the
settling time of the system.

System performance is also determined by the gains of the
PID controllers C; and C:. The first PID (C;) controls the
position error and the second (C>) controls the force-tracking
error. C; is composed of the gains £, k;, and ks, whereas k,, &y,
and kg are the gains for controller C.. It is possible to adjust the
system behavior due to the inclusion of these PIDs. The control
strategy can be focused on interaction force control, on position
control, or it can be a compromise of both. Having optimal
control of both interaction force and position is impossible due
to the causality of force/acceleration. By decreasing the gain &y,
the efficiency of the controller C; is reduced, thereby decreasing
the position error and increasing the force-tracking error. ki
affects system behavior in the same way as k. The gain kg
creates oscillations and makes the system unstable if it is
nonzero. The integral gain k; of the motion controller does not
affect the force-tracking error. If this gain is too low, the steady-
state error rises and if it is too high, overshoot rises. The
proportional gain k, acts symmetrically to ks on the system
behavior. By increasing k,, the efficiency of controller C; is
improved, the position error decreases and the force-tracking
error rises. The derivative gain k is necessary to avoid creating
oscillations of the system time response. Moreover, this gain
has the same impact as &, on the behavior of the system.

V.CONCLUSION

Exoskeleton technology has significantly progressed in
recent years. Though, the problem of user comfort remains to
be solved, improving robot control methods is one of the
possible solutions to overcome this challenge. In this paper, a
controller based on a force-tracking admittance method has
been developed and tested to show its effectiveness in reducing
the relative pressure between the user and the robot during
transient regimes or in face of disturbances. However, the tests
were only performed as simulations on a 3D model of a test
bench. Future experimental tests must be carried out on a
physical test bench to compare the results with those obtained
during simulations.
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