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Abstract— Humans use direct physical interactions to move introduces our platform and its characteristics. Sectign |
objects and guide people, and the same should be done with describes its control approach, allowing it to sense thegr
robots. However, most of today's mobile robots use non- hy5,gh the DEAs and generating commands to assist or

backdrivable motors for locomotion, making them potentialy trai fi fthe platf Section V presents reallavor
dangerous in case of collision. This paper presents a robot, restrain motion of the platiorm. sec P

named AZIMUT-3, equipped with differential elastic actuators ~ €valuations of the system, demonstrating the feasibifithe
that are backdrivable and torque controlled, capable of beng  approach.

force-guided. Real world results demonstrate that AZIMUT-3
can move efficiently in response to physical commands given

by a human pushing the robot in the intended direction. Il. FORCE-GUIDED MOBILE ROBOTS

Passive robots, i.e., robots that can steer their joints but
require a human to propel it, are one category of machines
To make robots move from industrial to natural settingshat are physically force-guided. The Passive Robot PRP [2]
they must be able to interact safely and naturally in physicés one example. This omnidirectional robot uses brakesson it
contact with people. Most mobile robots are still actuatedheels to steer them in the desired direction, sensed using
with motors that are not backdrivable. Thus, when a contaat 6 DOF force/torque sensor. A similar system is used in

occurs between the robot and an object or a human beirgT-Walker [3], with force sensors installed in handle bars t
both the motors and the encountered entity must be ahietect user’s intent. Guido [4], a walking assistant, ersbed
to sustain the shock. To do so, mobile platforms limit theia force sensor in its handle bars to determine how to steer
velocities or rely on sensors to perceive the operating-enthe robot, and uses speakers to interact vocally with the use
ronment with sufficient precision to avoid potential accitdee  Finally, Wasson’s COOL-Aide [5] uses two 6 DOF force and
However, humans use direct physical interactions to influerque sensors to steer and brake the platform based os user’
ence their motion. For instance, guiding someone by holdirigtent and the environment. One drawback of passive robots
his/her hand or shoulders is very common. Such natura that their propulsion is provided by their users, lingtin
interface would be beneficial for mobile robots too, insteatheir usage and the equipment they can carry.
of relying on remote controllers (e.g., joysticks, gameg)ad  Active robots, on the other hand, provide propulsion to the
or having to physically carry the robot. In such a scenariglatform, making it possible to assist user's motion. MOBIL
the robot's motors should be put to use for moving in th¢6] is a differential drive robot that assists its user in ki
direction given by someone physically guiding the robotand moving objects. It does so using two joysticks equipped
Such a platform must be able to safely support physicalith force sensors to assess user’s intent. Smartwalkes [7]
contacts, and respond appropriately. Such capabilities ain omnidirectional device based on two caster wheels. & use
inherently applicable to mobile devices such as motorizeal 6 DOF force/torque sensor and speakers to interact with
carts, electric wheelchairs, etc. its user. Its suspension allows it to evolve safely on uneven
This paper presents a pseudo-omnidirectional mobile pleftoors. CMU Robotic Walker [8] is based on a Nomadic
form, named AZIMUT-3, that can detect forces on the horiXR-4000, an omnidirectional platform based on four caster
zontal plane to move in the intended direction. The platforrwheels, and uses a screen and a set of force sensors in its
uses steerable wheels motorized using differential elasthandle bars for interaction with the user. Walking Helpdr [9
actuators (DEA) [1], which provide compliance, safety ands also omnidirectional and uses multi-axis force sensors i
torque control capabilities. This design provides a naturahe handle bars. In all these robots, force and torque sensor
physical interface without requiring the use of costly sgas are integrated in the handle bars, limiting the applicatibn
such as six Degrees Of Freedom (DOF) force/torque sensofsices to a very specific location on the robot, and alterfireg t
The paper is organized as follows. Section Il is arsimplicity of a direct physical interaction. Such a setugoal
overview of existing force-guided systems, such as objectequires some form of training and the use of sophisticated
transportation and walking assistant devices. Section [force/torque sensor and control systems.

. INTRODUCTION



. AZIMUT-3

AZIMUT-3 is a pseudo-omnidirectional platform [10] that
can be considered an alternative solution to active, force-
guided robots. It is made of four steerable wheels called
AZIMUT wheels [11]. They permit to lower the height of
the chassis of AZIMUT-3. Compared to other wheels that can
provide omnidirectionality, they are lighter and mechatic
simpler than Swedish wheels and allow to have some kind
of simple horizontal suspension system impossible toeeri
with active caster wheels.

Each AZIMUT wheel has two motors : a classical DC
brushless motor to propel the wheel and a DEA to steer
the wheel. A DEA is conceptually similar to Series Elastic
Actuator (SEA) [12] [13], but uses a differential coupling
instead of a serial coupling between a high impedance me-
chanical servomotor and a low impedance mechanical spring.
This results in a more compact and simpler solution, with
similar performances. DEA allows to control its mechanical
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Fig. 1. AZIMUT 3 and its handle.

elasticity and viscosity, in accordance with the admit&ncforce cannot be detected. Fig. 2 also illustrates the rafige o

control scheme as expressed by (1),

X(s) 1

1)

motion of each steerable wheel on the plane of motion of
AZIMUT-3. To allow such a robot to move, we must have
a configuration in which all the wheels’ axis must either

F(s) Ds+K converge in one point called Instantaneous Center of Rotati

where F is the force sensed (provided by a MLP-300 load!CR), or be all parallel (the ICR is _then at an_infi_nite distan
cell from Transducer Techniques) on the output of the pe£Of the robot). Because there are discontinuities in the ¥shee
D and K are the chosen damping and viscosity, akid orientations depending on where the ICR is on the plane
is the steer angle at the output of the DEA that describé§ motion (see Fig. 3), we have divided this plane in three
the orientation of the wheel (provided by a RM44 wheefections called modes [11]:

encoder from RLS). The DC motor used in DEAs is a e
K064-050 provided by Bayside. This makes DEA acts as
an active elastic element that can inherently absorb shocks
and perceive the forces coming from the environment. .
Fig. 1 shows AZIMUT-3 equipped with a handle bar free
of any sensors, except a 6 DOF force sensing device (Mini-45
SI-290-10 from ATI Automation) used for ground truth mon-
itoring only. Each wheel is equipped with a propulsion motor

With Mode 1, the ICR is defined on two triangular
sections of the plane. This mode is used for moving
forward on straight lines.

Mode 2 is similar to Mode 1, but rotated 90 degrees
around the center of the robot. This mode is used to
move perpendicularly to its forward direction.

Mode 3 allows the platform to make tight turning
maneuvers and rotate on itself.

(also a K064-050 from Bayside) and a wheel encoder (E4 An ICR must be defined to allow AZIMUT-3 to move,
from US Digital allowing a resolution of 60000 pulses pertthus we have decided that its commands will take the form
revolution), and is capable of reaching 1.47 m/s. AZIMUT-of an ICR along with a velocity, which completely defines
3's hardware architecture consists of distributed moduldbe desired move.

for sensing and low-level control, communicating with each
other through a 1 Mbps CAN bus. A Mini-ITX computer
equipped with a 2.0 GHz Core 2 duo processor running Real-
time Linux is used on-board for high-level control modules
running as threads and communicating through Qt's event
system. Nickel-metal hybrid batteries provides power ® th
platform for 2 to 3 hours of autonomy. A passive vertical

suspension mechanism (Rosta springs) is used to connect the

wheels to AZIMUT’s chassis, allowing them to keep contact
with the ground on uneven surfaces. The platform has a 34
kg payload capacity.

As shown in Fig. 2, the DEAs steer the wheels of
AZIMUT-3 and can perceive forces applied on them around
their rotation axis. However, if a force is applied in the

same direction than the wheel axis direction, there will Fig. 2. Top view representation of AZIMUT-3, with its handiar.

be no resulting torque on the DEA steering axis, and the
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Fig. 5. Mechanical analysis of the chassis of AZIMUT-3.

2) Computation of force and torque exerted by the user:

' To retrieve from 7’ the forces exerted on the platform,
we make a mechanical analysis of our robot with the two
%ollowing assumptions :

1) The efforts of dynamics are not significant.
2) The component of reactions forces coming from the
IV. FORCE-GUIDED CONTROL ground which is co-linear with the wheel axis is
ignored.

applied on the platform, we have artificially constrained tht T'he anal)és;s hftis threetmam steps. erSt’l |tbapt|c;]lles hNew—

ICR to belong to two half lines (see Fig. 4), restricting cl)‘r,]ASZISI\jEJO'PS aw rc])asys Em cgorflw_ﬂose or;}y yth ec as?s

allowable motion to portions of Mode 1. We selected thi -5, as shownin Fg. 5. Thus, we have the sum ot
%L? forces and the sum of the torques applied to the chassis

Fig. 3. ICR defined in Mode 1 and Mode 3. Close ICRs in the plane
motion can lead to discontinuities in the orientation of Wieeels.

To control AZIMUT-3 according to forces and torques

mode because it is common for people to push an object”. .
from the back (e.g., shopping carts, wheelchairs). Morgove" ich are nil, as expressed by (2) and (3).
because a transition between modes requires the platform to 4

come to a stop, we limited our first study to only Mode 1 0 = m + Zm @)

to ensure motion smoothness and simplicity. Finally, Emit

=1
on force detection explained at the end of the mechanical
analysis lead us to only detect forces along one dimension N 4 4,
and thus reducing Mode 1 to two half-lines instead of the 0 =Tapp+ ZTi—>0 + ZPAi x Fi_o 3)
two original triangular surfaces. i=1 i=1
where :
) R —_— —_
_ Next, we apply Newton’s second law to the wheel alone.
5 N\ o The forces and moments considered are shown in Fig. 6, and
@ U their respective sums are nil, as expressed by (5) and (6) :
lIlllllllllllllll‘l.:l'_‘.. m "/Z/VA.:-!.IV.IIIIIIlllllllll
ICR 7| @ ICR _
' 0 =Fo—i +Fanp—i (5)
Fig. 4. Restricted ICR space. 0 =To: + Gid, x Foms + GiB, X Fanp—s  (6)
The aIg_orithm for force-guiding AZIMUT-3's consists of Where :
the following four steps. Fo.,=FL ,+FY, (7)
1) Filtering of torque readings: Torque data sensed
: . —_—
through AZIMUT-3’s DEA are the inputs from which our Fonp—i=Finp_i + Fiyp_i (8)

algorithm has to determine user’s intent. A dead zone and a

fourth order Chebychev filter are used to remove noise and Finally, the third step combines the results of the first
residual torques that can arise from frictions in the actisat equalities with the assumptions made. After several manip-
These manipulations permit to hawé the torques measured ulations, we obtain the equality oﬁi)Fo_,i given by (9),
and pre-processed. which is the expression of the vectsy_,; in the frameFg,



3) Generating a command based on the applied forces:
Based on the force and torque perceived, direction (for
the steerable wheels) and propulsion commands must be
generated to assist motion in the intended direction. We hav
decided to represent these commands as twists, a common
notation for the velocity of a robot, as expressed in 15.

Ve
T = <Vy> (15)
Ve

The frame in which we define velocities of the robot is
rotated 90 degrees counterclockwise with the frame shown
in Fig. 5. Our algorithm calculates a translational velpcit
V, and a rotational speetly, with V, set to 0 (because
our ICR space is limited to two half lines, there is no
lateral velocity). The values of force and torque computed
are provided to controllers similar to [7] and [9]. These
controllers introduce a translational dampihly,r and a

Fig. 6. Mechanical analysis of a single wheel of AZIMUT-3.

defined byG,; and the axes notet;, andyq, shown in Fig.

6. 0 massMrr that make the robot behave like an object that
Fo T To.. would have those damping and mass, in a world where no
o= | =5 (®)  other other forces would act (i.e., without grativity).. éfh
0 transfer functions fo, andVj are given by (16) and (17)
with : :
0
— Vy(s) 1
g = 1
To—i = TOO _ (10) Fapp(s)  Mrrrs+ Dirr (16)
. o , . Vo (s) 1
(10) is valid in both framesXp defined by Fig. 5 andrg,), = a7

because their z-axis are parallel. Tapp(s)  Jarps+Darr
There is a rotation of-3; betweenFp and Fg,, allowing Wwith J47r and Darr representing the inertia and the
ation ) :
us to define”r F,_;. With Newton's third law, we can angular damping desired.

determine”* F,_, and T, : 4) Converting a twist into an ICR: As specified in Section
lll, AZIMUT-3 commands are ICRs defined itFp. It is
Fo.i=—-Fio (11) simpler to measure an ICR using polar coordinates with
as the radial coordinate andas the angular coordinate.
N - . :
Tooi = —Ti_0 (12) To obtainp and~ from V,, andV}, our algorithm uses an
approach similar to [14], converting twist components into
Thus, we can express (2) and (3) with (13) : a spherical ICR representation using a gnomonic projegction
, expressed by (18) and (19).
Fapp, Yy — 2o sin(;)
Fapp = Farp, | = | 2L, —2=i= cos(;) | (13) Xion = Y (18)
0 0 /VyQ + ‘/02
4 4 0 —V
ZicR = —F— (19)
TAPP:ZTOHifz 0 JV2 V2
N X To—i F Y 0
i=1 i=1 —L.TZ.COS( Poy + 05;)
(14) Because we have reduced the possible positions of the

L, a; (see Fig. 5) and) (see Fig. 6) are static parameterdCR on two line portions (the ICR space of Fig. 4), the
of the robot that are knowrl_,;, tally with the available projection sphere is reduced to two arcs of a circle in a
7/ and §; are also measured by the DEAs. Therefore, welane perpendicular to the plane of motion of AZIMUT-3
have at our disposal the value of the force and the torqu®ntainingP, as shown by Fig. 7. We have also removed its
applied by the environment (e.g., a user pushing the robot fower hemisphere so as to always obtain only one possible
our case) on the platform. solution. X;cr and Z;cr are the cartesian coordinates of
As expressed by (13), the detection of the force is limitethe intersection between the line formed by the ICR and
because of the wheels orientation represente@;bindeed, O (center of the reduced projection sphere) and the arcs of
trying to determineF, when all the sin(3;) are nil is circle defined in the frame of centér.
impossible. p and~ are then directly given by :



)€[CR | o

Fig. 7. Transposition from spherical coordinates to ICR.

Xicr
- 20
p Zron (20)
_ 0 if Xi;cr>0;
7= { m if Xjor <0O. (21)

12 14 16 18 20 22

Fig. 9. Computed rotational torque (solid) and measureatiostal torque
in Nm (dash) versus time in s.

Along with the position of the ICR, we need the chassi®, Validation of the Commands Generated based on the
velocity p,, expressed as a percentage of the maximumpplied Forces

velocity of the robot and is computed using (22):

(22)

wherem is :

m=+\/V2+V} (23)

The velocities generated by the applied forces can be seen
in Fig. 10 and Fig. 11. The apparent mass and damping
were set to 10 kg and 9 kg/s, the apparent inertia and
angular damping were set to 5 kgbmnd 30 kg.r/s. These
values allowed to have an increased stability but makes the
device heavy. The maximum velocity was set at 0.5 m/s. As
expected, the algorithm described by (16) and (17) behave

and myq. is an ICR dependent value computed for eachke low-pass filters to smooth the velocity commands. Ad-
wheel and taking into account the physical limits of motordlitionally, the device remains responsive because a change
propelling the wheels to avoid saturation of one of themin the torque applied is followed within around 50 ms by a
while making sure they are used to their full velocity rangechange in the velocity command.

V. RESULTS
A. Validation of the force and torque computation

Fig. 8 and Fig. 9 compare the forces exerted on the plat-

form computed with our algorithm and the force measured
with the 6 DOF force sensing device installed under the
handle bar. These figures show that our algorithm gives a
good approximation of the forces and torques exerted on the
device. However, we observe a minor delay (around 0.1 s)
between the measures, which is mainly due to elasticity of

the DEA which absorb a portion of the forces applied.

18 19 20 21 22 23 24

Fig. 8. Computed translational force (solid) and measuradstational
force in N (dash) versus time in s.

Fig. 10. Computed translational velocity in m/s (solid) aagplied
translational force in N (dash, labels on the right axis)susrtime in s.

C. Trials with the Complete System

To validate the functionality of our algorithm, we asked
7 non-experimented users of the platform to force-guide
the platform, following a path as accurately and as fast as
possible, with an obstacle to be avoided and handle a tight
turn. Translational and rotational velocities and trajeiets
for each trials were recorded. The parameters are the same
as in the experiment presented in Section V-B. In all cases,
the goal has been reached with an average speed of 0.15 m/s.
Fig. 13 shows an example of a trial. The red markers shows
the connection between the velocity and the position, shown
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Fig. 11. Computed rotational velocity in m/s (solid) and lagprotational
torque in Nm (dash, labels on the right axis) versus time in s.

Fig. 13. Translational velocity in m/s (top) and rotationamputed velocity
in rad/s (bottom) versus time in s for a trial.

in Fig. 12. After the initial acceleration, the translatdn finder), and that can operate on incline surfaces (detected
velocity remains relatively constant, a constant speethdur using an inclinometer).

the e_xperlment, to then decelerate and stop. The rotational ACKNOWLEDGMENTS

velocity shows the efforts made by the user to stay on ) ) )
the path. In Fig. 12, it can be observed that the second F. Michaud holds the Canada Research Chair on Mobile
turn is more difficult to do. This can be explained byRobotics and Autonomous Intelligent Systems. This project
limitations of our algorithm on very precise motions. Aiyst is fund_ed by the Natural Sciences a_nd Engineer_ing Research

from persistent torques in the DEA, rejects the low applie¥ation.

efforts on the device. Secondly, the constraintigrimplied
by the obligation to stay in Mode 1 limits the mobility of
the device for the low translational velocities that thersse
had for this sharp turn.

i

Fig. 12. Path to follow (green) and mean path of the 7 usetsevientation
(blue). Start is at (0, 0) end arrival is at (0, 5). Units ararin
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VI. CONCLUSION AND FUTURE WORK [10]

Using AZIMUT-3 as an experimental platform, this paper
demonstrates that it is possible to exploit the capakslitigq;
of differential elastic actuators for motorization of steale
wheels, to make a mobile platform respond to forces arﬁiz]
torques from a human physically guiding the robot. En-
couraged by these results, our next step is to integrate, [it3]
our control algorithm, transitions between modes to allow
various moves. We also want to use the algorithm in a contrgl,
architecture that would allow the platform to be physically
guided while avoiding obstacles (detected using a laseyeran
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