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Abstract—Most mobile robots in existence today have large, Il. RELATED WORK
heavy, statically stable bases. To enable manipulation, actuated
arms and effectors are attached to the base providing limited pos-  There has been a signi cant amount of work on postural
tural control. On the other hand, some of the latest developmest - ¢qntr| for humanoid robots interacting with the enviromne
in hum_anmd robotics have succeeded in redum_ng the footprint Khatib et al. (2003) [1] present a framework for performing
and raising the center of mass of a robot using whole body S ANEASS L : )
postural control and balancing. By comparing the magnitude tasks while maintaining postural constraints for a humanoi
of various forces that can be applied to the environment, we robot. In this work, the emphasis is on decoupling task and
demonstrate the advantages of whole body postural control. Té postural control rather than exploiting postural control t
results presented suggest that for pushing, pulling, or carying perform the task. Takubo et al. (2004,2005) and Harada and
types of tasks, using Whole_ body postural control can lead to Kaneko (2003) [2][3][4] consider the control of a humaneid'
higher performance by allowing a platform to apply more force . : ;
to the environment. posture during pushing tasks to ensure platform stability.
Yoshida et al. (2002) [5] a method is given to optimize the
static posture of a humanoid robot with respect to an evialuat
function that incorporates factors including force getiera

In this paper, we focus on the effectswalfiole body postural capabilities and the ability to reject disturbance forcése
control on the ability of a wheeled mobile manipulator touse a similar method to determine static postures of thetrobo
generate forces in static equilibrium. We de ne whole bodwith whole body postural control. Harada et al. (2003) [6]
postural control as the property of being able to control thmnsider the range of pushing forces that a humanoid robot
angle of all links of the robot (including the base) relattee can produce using whole body postural control. Hwang et
the ground. Under these conditions, we determine what $oraa. (2003) [7] consider the magnitude of forces that can be
at the end effector do not violate static stability. dynamically generated by a humanoid robot for a variety of

We compare two similar planar wheeled mobile manipupostures and physical properties of the robot. While these
lators with 2-DOF arms. The orientation of the base of onorks characterize the force generation capabilities bbt®
robot is xed so that it is perpendicular to the ground. Thesing whole body postural control, they do not determine the
dynamically stable robot is free to orient its base with egsp gain in performance relative to a platform with limited post
to the ground. The difference in the range of forces that eachcontrol.
these robots can apply at their end effectors is then datedni  There are some examples of wheeled mobile robots that
Since the robots are otherwise equivalent, the difference dan control the posture of their bases, but to the authors'
performance is due exclusively to the effects of whole bodgnowledge there have been no studies of wheeled mobile
postural control relative to limited postural control. robots using postural control to accomplish manipulation

The robot model that we choose for this analysis is bastasks that would otherwise be impossible. Domains in which
on the uBot-4, a small wheeled bi-manual mobile manipujatovheeled mobile manipulators have been employed include
currently under construction. The statically stable camar teleoperation for simulations of orbital manipulationksig8],
tion of this robot has four wheels, one pair at the front gfimple door opening tasks [8], and robot soccer [9]. None of
the platform and one at the back. In a planar analysis, thiltese examples require whole body postural control to parfo
reduces to two wheels, one at the front and one at the rearly# tasks. Rather, dynamically stable bases are used lgecaus
the platform. The robot with whole body postural controllwilof their height, footprint, and agility. In this work we cader
have just one pair of wheels in the middle of the platform argldynamically stable base because it is a mechanically mlega
will balance around this set of wheels (much like a Segfay platform for achieving whole body postural control with a
Human Transporter). Such a platform can perform whole bossheeled mobile manipulator.
postural control by changing the angle of its base with relspe In the next section, we present a model of the robots used
to the ground. for evaluating the benets of whole body postural control.

I. INTRODUCTION



Fig. 1. Rendering of the uBot-4 design.

Fig. 2. Free body diagram of the platform with whole body pest control.

We then look at how different design choices affect tht% t the robot is in stati ilibri d the f thd
robots' ability to resist forces and introduce a simple metr%ﬁaecto? |r§] Fo jIS In static equiltorium and the force on en
to compare the force generation capabilities of two mabi P -

manipulators. Lastly, we present an experiment demoirsgrat We consider the effect of friction between the wheels and

how whole body postural control can increase force gemrratithe ground. is the coef cu_ant of friction between the wheels
capabilities. and the ground, and slipping occurs when

I1l. ROBOT MODEL JFwx] > F wy: 1)

The properties of our robot model approximate those of th this work we assume =0:5.
uBot-4 (Figure 1), a platform which is currently under con- For some positions and orientations of the force on the end

struction. The physical characteristics relevant to owlysis €ffector, static equilibrium can be maintained for any eai
are (see Figure 2): jFpj. We therefore assume that there is some maximum force

allowed at the end effectoj-j,j, due to joint torque limits or
h =0:532m ds3 = 0:262m structural considerations.
| =0:240m ds = 0:241m Using Figure 2 we can nd all of the moments that act
around the wheel given the following values:

r= 0:976m .body(ml) =0 :.163Kg w: The x-coordinate of the wheel;
dy =0:199m link 1(mz) = 2:644Kg ¢ The x-coordinate of the center of mass of the robot
d, = 0:380m link 2(m3) = 0:314Kg body;

o Sx,Sy: The x, andy-coordinates of the robots shoulder
Note that we assume that the robot's footprint is the smialles  (the rst joint of the arm).

circle that circumscribes the robots base. Thus, the value 554 assume the height at which the end effector is to make
| is very conservative since the thdor the uBot-4 is much contact with the pushed objedlp,, is given. Letg be the

smaller. . _acceleration of gravity. The moment around the wheel, which
A free-body diagram of the posture controlled platform i, st sum to zero in static equilibrium is:

a pushing con guration is shown in Figure 2. Note that the

origin is at the end effector. For purposes of comparison, ~ Mig(W )+ mag(w  0:5(sx + dscos( 1)))

we assume that the statically stgble_version of the rgbot has + mag(w  ((Sx + d3cos( 1) +0:5dscos( 1+ 2))))

a wheel in front and bfa.ck, as in Flgure 3, to provide the deyjFpjcos(p) WjFpjsin( p)=0; @)
maximum possible stability given the width of the base. We

assume that there is no difference in the robot's total mass\yhere mig(w  c), mzg(w  0:5(sx + dzcos(1))), and

its distribution due to the difference in number or arrangetm M3g(W  ((Sx + dscos(1) + 0:5d4cos( 1 + 2)))) are the

of wheels.Fq1, Fg2, andF g3 are the forces due to gravitymoments about the wheel due to the mass of the body, rst
on the body of the robot, the rst link of the arm, and thdink of the arm, and second link of the arm, respectively. The
second link of the arm respectivelfw, and Fy, are the load atthe end effector generates moments jFpj cos( p),

x andy components of the force exerted by the ground o¥'d WjFpjsin( p) =0 about the wheel.

the wheelsF, is the force exerted on the end effector by the Solving forjF,] yields:

gnvironmgnt. We consider all possible values fgrsuch that iFoi = (g(miw o)+ my(w 0:5(Sy + dscos(1)))
p .
We wish to determine the maximum magnitude of the force tms(W (S + g cos(y)
jFpj in a given direction, ,. This is equal to the maximum +0:5dscos( 1+ 2))))

jFp]j for which there is some con guration of the robot such =(dpy cos( p) + wsin( p)): 3)



The values ofw, ¢, sy, ands, are computed for each type oftype of constraint might be used in a mobile manipulation

robot below. application to ensure the robot's body does not collide with
Since the robot is in static equilibriumjFwxj = the manipulated object. In this paper, we assume dhat=

jFp cos(p)j, andjFwyj = mig j Fpjsin( p), wherem; is 0:05m for all tasks. Figure 4 shows the relationship between

the total mass of the robot body and both links of the armg. andw. We can explicitly determine these values as:

Using Eg. 1, we nd that the maximum value ¢F,j that

does not break static friction is

m g .
jcos(p)j+ sin( p)
Note, that iffcos( p)j+ sin( p) 0, then static friction will
not be broken for any value gFj.

W= dpx

q
(d3+ dg)2 (dp+r dpy)2 + =2

1=
I

JFpi=

IV. TIPPING CONDITIONS FOR PLATFORM WITH LIMITED
POSTURAL CONTROL

In the above analysis, we did not say how to control posture,
i.e. how to determinew, c, sy, or sy, as these values are
platform dependent. A free body diagram of the platform
with limited postural control is shown in Figure 3. In static
equilibriumw, the location of the ground reaction force, must
be placed such that there is no net moment on the robot. This 3
is called the zero moment point (ZMP)[10]. For any force on \ )
the end effector, the platform will not fall over if it can poen o ' _ _
itself such that the ZMP is between the front and back wheeg,gblg'platfﬁ)ﬁmmé’;:?;?siﬁgﬂ ;:Jsa’ém‘;)rgrt"f‘;;ieosnzfg \hich the statically
For the statically stable platform will always be the position
of the ZMP.

If the line of action ofF intersects the ground betwean
T | andw, the platform will never tip over, since §5,j increases,
the ZMP will tend toward the location where the line of action
of F, intersects the ground. Since the platform can place its
-+ : N ‘ y support region over this point, it will not tip over no matter
how largejF,j becomes.
If the line of action off, intersects the ground to the left of
? the potential support region, then the maximum valuggfj
F : that will not cause the platform to tip over is the value that
o T e ?F ; causes the ZMP to be at the left edge of the potential support
H i Fex region. We can nd this value off,j using Eq. 3 with:

J | @ o W w=w @

Q
I

[ Ga |
c=w+ =2 (5)
+ ”. Similarly, if the line of action ofF , projects to the right of
E;] 777777777777777777 M 7777777777777777777777777 the possible support region, we can nd the maximum possible
Fwx — [ value forjF,j using Eq. 3 with:
I i

w= W (6)
Fig. 3. Free body diagram of the platform with limited postwantrol. c=w [=2 @)

In all of these situations we se§ ands, as follows:
Let w be the minimum possible position along thexis at

which the leftmost wheel can be positioned given the endpoin Sx = C (8)
position of its arm (note that the origin is to the right of the = d + dou: 9
base). Letw be the maximum possible position along the @t Py ©)
x-axis at which the right wheel can be positioned. We will For situations where there are two possible con gurations o
impose a constraintlp, on the minimum distance betweernthe arm (elbow-up and elbow-down), we use the con guration
the right edge of the robot's body and the end effector. Thikat results in a higher value ¢Fj.




V. TIPPING CONDITIONS FOR PLATFORM WITH WHOLE
BODY POSTURAL CONTROL

&

8

The dynamically stable platform has an extra degree of
freedom , the angle between the body of the robot and the
ground, as shown in Figure 2. In order for the dynamically
stable platform to be in static equilibrium, the moment aebu
the wheels must be zero. For a given value pf we can " y
nd the maximum value ofjF,j by solving for all of the T Lincle-body posturalcoriel|
terms in Eq. 3 in terms ofv and , and then numerically o e T
searching over the feasible combinationsvodnd , choosing
the combination that maximized=,j. For the dynamically Fig. 5. Pushing force as a function of for the dynamically and statically
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stable platform: stable robots withdpy, = 0:75m, d; = 0:199m, andjFpj = 50N. The
shaded area indicates the area between the two curves. Whisisgea as
aq - a measure of the performance gain due to whole body posturédotonhe
w= dycos() (d3+ ds)?2 (d2sin( ) dpy + )2 area between the curves is equal®O[N rad]
(10)
and

W= (dpy + I=2): (11)

Due to physical and control constraints on the angle between
the platform and the ground, we assumet 3=4.For
given values ofw anddpy, must also obey the following
constraints which ensure that the body of the platform is not
too close to the end effector and that the point where the I \ / .
end effector is to make contact with the manipulated obfect i s :yh_o.;mypma.;m
within the workspace of the manipulator: o m—E—

Maximum value of IFpI (N)

sep(rad;
d2+ 2+ q 2 da+d 2
cos ! 2 V;dzb \;y2+(rsp ( r3)2 2) Fig. 6. Pushing force as a function of for the dynamically and statically
Y stable robots Witl”dpy =0:75m, d1 = 0:3m, andjFpj = 50N. The area
+sin ! zdpy r (12) between the curves is equal 5@:9[N rad]
w2+(dpy 1)?
and | VI. ANALYSIS OF FORCE APPLICATIOMRESISTANCE
. 1=2 L W dpy CAPABILITIES
tan +cos 5 = :
h+r (h+ )2+ (1=2)? The ability of both the statically and dynamically stable
_ _ (13)  robots to apply/resist a force at their end effectors iscadfe:
We can now solve for the variables in Eq. 3: by the design of the robot and the location of the end effector
c= w+ dycos( ): (14) In this section, we examine how changing these parameters
B ! ' effects the relative performance of the two types of platfar
S = W+ dpcos( ); (15) As a simple scalar metric of the advantage of whole body
postural control, we take the area between the curves gedera
and by plotting force resistance as a function of for both
s, = r+dysin( ) dpy: (16) versions of the robot in a given con guration (if the platior

with limited postural control has a greater force generatio

Using Egs. 3 and 10-16, it is straight forward to numericallgapability for some values of,, then we treat the difference
approximate the maximum value [, j which can be resisted between the two curves as “negative” area). Figures 5 and 6
by the platform in static equilibrium for a given,. We demonstrate this metric for two different heights of theteen
consider both elbow-up and elbow-down con gurations of thef mass ¢;).
arm where appropriate. Figure 7 shows the advantage metric for whole body postu-

We can now observe the performance of whole body post@ control of our platform as the mass of the robot is varied.
ral control by comparing the force that can be applied/tedis There are two different effects that can be observed in this
by the end effectors of each robot. Figure 5 shows tlggaph. The rst is that when the mass is relatively low, the
maximum value ofjfF,j as a function of , for both types advantage of whole body postural control increases as total
of platforms. We setlpy, = 0:75m. We can see that for a mass increases since larger forces/moments can be geherate
variety of directions, the platform with whole body posturaby moving the position of the center of mass. The second
control can withstand greater forces on its end effector.  effect is that as the mass increases, both types of platform



Performance increase

Fig. 9. Increase in forces that can be applied to the envirohugng whole
body postural control, fodpy = 0:75 andjFpj = 50N. Each concentric
circle corresponds to a 2N increment, i.e. the platform usitgple body
ke " postural control can apply 15N more in the direction indicated § 57)
than the platform with limited postural control.

10 15

Fig. 7. Advantage of whole body postural control as a fumctibtotal mass.
dpy =0:75 andjFpj = 50N.

Fig. 10. Increase in forces that can be applied to the ervienr using whole
body postural control, fodpy = 0:19m andjFpj = 50 N. Each concentric
circle corresponds to a 2N increment.

Performance increase

e e e o T 0w o e manipulate heavy objects far from the ground without negdin
a footprint much larger than that of a human.

Fig. 8. Advantage of whole body postural control as a fumctid height of

center of massdpy = 0:75 andjFpj = 50 N. VIl. DRAWER PUSHING EXPERIMENT

To demonstrate the advantage of whole body postural con-
o trol, we performed a simple pushing experiment with our
can withstandjFpj = 50N of force at the end effector in dynamically stable prototype robot, the uBot-3. We will not
more directions. Thus, as the total mass becomes large fBethe “as-built” properties of the uBot-3 here, but theima
advantage of whole body postural control decreases unél itdifferences between the prototype and the uBot-4 desigd use
zero when both types of platforms can withstgRgj = 50N in the rest of the paper is the total mass, which is 5.3Kg, and
in all directions. the height of the center of mass, measured from the wheel axle
Figure 8 demonstrates that the advantage of whole bog), which is 0.175m. In this experiment, the end effector is
postural control increases as the height of the platforerger at a height ofdpy,  0:48m. To create a comparable statically
of mass () increases. This is becausedsincreases, whole stable robot without the capacity for whole body postural
body postural control allows the platform to move the centeontrol, we added passive casters to the front and back of
of mass over a greater range of positions, increasing tt@ robot as shown in Figure 12. This is not quite as stable
effectiveness of whole body postural control. a con guration as was analyzed earlier as the robot can tip
In Figure 9 the shaded region represents the force that #gm®und a point between a wheel and a castor. Figure 11 shows
whole body postural controller can exantexcesf the force the predicted advantage of using whole body postural cbntro
that limited postural control can exert in a given directiorfor the task. The predicted advantage is not great for the-8Bo
It is important to note that is the direction of the force as it is for the uBot-4. The predicted advantage of whole body
on the end effector, but in Figure 9 we are considering thwstural control for pushing the drawer in,(= ) is only
force applied to the environment. For example, consider th&out0:2N. For this reason, we believe that the forces arising
direction indicated by the ray in Figure 9. The platform gsinfrom the dynamics of the postural change also contributed to
whole body postural control can exert about 15N more in thike success in this experiment of the platform with wholeybod
direction than the platform with limited postural contrdhis postural control.
direction corresponds to, 57. Figure 10 shows the same A very simple pushing controller was implemented on each
analysis for a different height of the end effector. version of the platform. For the statically stable platform
These results suggest that platforms with whole body pasace contact was made with the le cabinet, the torque at
tural control excel, compared to statically stable platfey at the wheels was increased until either a reference velodity w
tasks that require manipulating large masses at a sigri caachieved (which would result in the drawer being closed)
height. If a robot is to build, carry, or stack objects in aor a failure condition occurred (e.g. the robot fell over). A
environment designed for a human, it needs to be able dimilar controller was implemented on the dynamically kab



Fig. 11. Increase in forces that can be applied to the envieott using
whole body postural control using the uBot-3 prototype dg, = 0:48m

andjFpj = 50 N. Each concentric circle corresponds to a 1N increment.

platform which uses a linear quadratic regulator (LQR) to
actively balance. The LQR takes a position reference as a
control input. When the platform is in contact with a statigna
object, the amount of force applied to the object can be
controlled by altering the position reference. The LQR will
cause the platform to take an appropriate posture to apply th
desired force and no additional postural control is necgssa
for the pushing task.

Figure 12 shows the results of pushing a drawer lled with
books using the above controllers with our prototype robot.
The dynamically stable platform demonstrates an advargbge
whole body postural control when it “leans into' the drawer
to overcome static friction. The statically stable platfiors
unable to move the drawer without tipping over.

VIII. CONCLUSION AND FUTURE WORK

By comparing the magnitude of various forces that can
be applied to the environment, we have demonstrated the
advantages of whole body postural control.

The results prlglg';. 12. The dynamically stable platform (left) and staficatable platform

sented suggest that for pushing, pulling, or carrying tyges (right) pushing a drawer lled with books.

tasks, a platform using whole body postural control is more
ef cient and effective since it can allow a given platform
to apply more force to the environment without increasings]
the mass or footprint of the platform. In the future we plan
to study similar problems accounting for dynamic effects.
In addition to tasks requiring simple force application, we4]
will study problems such as throwing and weight lifting.
We expect to nd even greater increases in the performance
potential of the dynamically stable platform when dynamiqs]
effects are considered. We are constructing the uBot-4, a
dynamically stable bi-manual mobile manipulator suitdiole

such experiments. [6]
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