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Modeling and Balance Control of Supernumerary
Robotic Limb for Overhead Tasks

Jianwen Luo"”, Zelin Gong, Yao Su

Abstract—Overhead manipulation tasks often require collab-
orations between two operators, which becomes challenging in
confined spaces such as in a compartment. Supernumerary Robotic
Limb (SuperLimb), as a promising wearable robotic solution, can
provide assistance in terms of broader workspace, wider manipu-
lation functionalities and safer working conditions. However, the
safety concerns of human-centered SuperLimb interaction mech-
anisms are rarely studied to date, particularly regarding human
standing balance. This study proposes a balance controller by
which one individual operator can accomplish overhead tasks with
the assistance of SuperLimb via tunable interaction force and
supporting force regulation. The SuperLimb-human interaction
is modeled and a dynamics control method based on QR decom-
position (also known as QR factorization, in which a matrix is
factorized into an orthogonal matrix and an upper triangular
matrix) is adopted to decouple joint torques of the SuperLimb
and the interaction forces. Therefore, the supporting forces can
be regulated independently to guarantee the operator-SuperLimb
interaction forces in a safe region. Force plate is used for measuring
the CoP position as an evaluation method of the standing balance.
The critical horizontal push force is learned through experiment
to guide the balance controller. This method is implemented on
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a SuperLimb prototype worn on the operator’s back, to provide
necessary supporting forces on overhead object while allowing the
operator to move freely underneath.

Index Terms—Balance, overhead tasks, supernumerary robotic
limb, wearable robots.

1. INTRODUCTION

UPERLIMB, i.e., Supernumerary Robotic Limb, as a piv-
S otal branch of wearable robots, is an extension to exoskele-
tons and prostheses [1]-[3]. SuperLimb has the merit of extend-
ing the operator’s workspace, augmenting human strength and
allowing diverse postures beyond the human limb movement.
Specifically, SuperLimb is capable of assisting overhead tasks,
especially those in constrained workspaces [4]. These tasks in-
clude a series of operations with intensive workload and flexibil-
ity requirements in industrial set-ups, such as the compartment
in the aircraft [5]-[7]. The working space limitation impedes
the participation of large-size robots or coexisted multi-operator
collaboration.

Overhead task assistance is one important branch among
SuperLimb applications. In [8] a wearable robot mounted on
the shoulder was designed to assist with tasks in the overhead
workspace. Demonstration-based control allows the robot to
take a proactive and preemptive action while confirming a suc-
cessful transition. [7] explored a method to maintain free move-
ments of the operator while exerting a constant supporting force
from the SuperLimb to the ceiling. Admittance control strategy
was proposed to map the errors between the desired and the mea-
sured supporting forces to the desired joint velocities. However,
it is yet an open question on how to regulate the supporting force
while maintaining the safety of operator-SuperLimb interaction
forces, which is essential for human-centered wearable robotics.
Compared to admittance controlled systems, the torque-based
interaction mechanism in the fully dynamic model allows com-
pliant interaction with the environment and human residing in
the workspace of the robot [9], [10].

When the supporting force exceeds a certain threshold, the
interaction forces, especially in the horizontal direction, will
degrade the stance balance. To address this problem, this study
proposes a dynamics control based on the modeling of operator-
SuperLimb interaction. This method is able to regulate the
interaction and supporting forces. We define a stability criterion
with center-of-pressure (CoP) to evaluate the performance of the
proposed method. The SuperLimb works in the task space where
the human body is braced through a coupling impedance. QR
decomposition is adopted to decouple the dynamic models of
SuperLimb and human such that the supporting forces and joint
torques can be controlled independently. The QR decomposition

2377-3766 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on April 10,2021 at 00:45:33 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-1594-3867
https://orcid.org/0000-0001-8375-5692
https://orcid.org/0000-0001-6402-5416
https://orcid.org/0000-0003-3155-6223
https://orcid.org/0000-0002-8955-5429
mailto:jamesluo@cuhk.edu.cn
mailto:11610309@mail.sustech.edu.cn
mailto:fucl@sustech.edu.cn
mailto:yaosu@g.ucla.edu
mailto:ruanlecheng@gmail.com
mailto:ye.zhao@me.gatech.edu
mailto:asada@mit.edu
https://doi.org/10.1109/LRA.2021.3067850

4126

is able to factorize a matrix into an orthogonal matrix and an
upper triangular matrix [11]. A handy SuperLimb prototype is
built for experimental validation. Within our best knowledge,
it is the first study on standing balance issue of SuperLimb for
the overhead tasks. The contributions of this letter lie in the
following twofold:

(i) An operator-SuperLimb model is established which de-
couples SuperLimb joint torques and operator-SuperLimb in-
teraction forces;

(i1) A balance controller based on the established model is
proposed to regulate the interaction forces. CoP is selected as
the evaluation index for balance.

The rest of the letter is organized as follows. We review related
work in Section II, and presents the model of SuperLimb and
human in Section III. Section IV proposes a balance control
method based on the model of Section III. Section V demon-
strates the experiment results. This line of research is concluded
in Section VI.

II. RELATED WORK

SuperLimb is an emerging field where some researchers
explored applications in augmenting, assisting and restoring
human functions, and attracts accumulating attentions during
recent years.

One of the major applications of SuperLimb is supporting
assistance. A SuperLimb prototype is designed in [12] to assist in
the preliminary supporting tasks such as holding objects, lifting
weights, etc. Data-driven and intuitive approach is adopted for
SuperLimb control. Compared with the data-driven method, dy-
namic analysis and state estimation of the SuperLimb supporting
model are studied in [13] to attenuate disturbances. To enhance
the capability for supporting, an optimization method is adopted
in [14] to minimize human load under detailed SuperLimb
model. In [15] a SuperLimb acts as an additional supporting leg
to improve the human’s standing and walking balance. How-
ever, only static balance is considered and supporting polygon
is used for balance optimization. These supporting tasks are
summarized in [16], which analyzes the quasi-static stability
and compliance with which the body is supported. Null-space
technique and joint stiffness are adopted to stabilize the body
supporting system. For near-ground supporting works, [17] de-
signs a SuperLimb with impedance control to stably support
the wearer’s body. [18] demonstrates a near-ground supporting
capability that assists the operator in carrying a heavy payload
on Extra Robotic Legs (XRL). Kinematics and dynamics are
analyzed for joint torque optimization. However, experiment
is yet conducted for verification. Only a passive quadrupedal
model inspired from XRL is experimentally validated in [19].
A novel non-singular linkage mechanism is designed to provide
adjustment of both the worker’s distance to the ground and their
torso tilt [20]. No control is analyzed for such a mechanism. [21]
designs a supernumerary leg powered by the novel magnetorheo-
logical actuators to assist walking. Impedance control is adopted
to achieve the compliance contact with the ground. [22] proposes
an ambient SuperLimb that involves a pneumatically-driven
robotic cane for at-home supporting assistance. A depth sensor
is adopted for the ambient intention detection. However, this
method is only applicable within a limited space.
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SuperLimb

Fig. 1. A single operator is manipulating on the overhead ceiling with the
SuperLimb assisting in supporting it. Visual odometry device and F/T sensor
are mounted on SuperLimb for estimating the pose of the float base of SuperLimb
and the interaction force between operator and SuperLimb.

In the aforementioned works, researchers conduct inspiring
explorations mainly in near-ground supporting tasks. With the
equipment of SuperLimb, human’s capability of handling ver-
satile tasks is greatly leveraged. As another critical aspect, this
letter mainly focuses on the balance in the overhead tasks.

III. MODELING OF SUPERLIMB

The SuperLimb configuration is shown in Fig. 1, with its base
mounted on the back of the operator via a shoulder belt. The
total weight of our SuperLimb prototype is 5 kg with joint-level
torque control capability. The SuperLimb on the operator is in-
herently modeled as a manipulator with a floating base. A visual
odometry device mounted on the base of SuperLimb measures
the pose of the float base, and a F/T sensor mounted between
SuperLimb and operator measures the interaction forces.

Our objective is to design an automatic control mechanism
in which the SuperLimb is able to guarantee human balance,
provide sufficient supporting force, and regulate the interaction
forces between the operator and SuperLimb to maintain hu-
man body stability. This mechanism considers the operator and
SuperLimb dynamics and computes desired SuperLimb torque
inputs based on the operator, SuperLimb and environment states.
These states are coupled in the dynamic model.

A full dynamic model is developed to include the states
from operator, SuperLimb and the environment. Operator states
include interaction forces between the operator and SuperLimb,
linear and rotational accelerations, linear and rotational veloci-
ties. The SuperLimb states include joint position, velocity and
torque. Environment states include the supporting force from
SuperLimb. The states and inputs of operator and SuperLimb
is integrated in this model to take into account the coupled
operator-SuperLimb loop.

In this section, we will introduce the model in two levels:
kinematic and dynamic models. In the kinematic model, the
coupling of operator and SuperLimb movement is analyzed in
two different cases, and their relationship in motion is given.
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Fig. 2. The general model of SuperLimb and operator. In this model, the
operator is modeled as part of the manipulator, however, the joint positions and
torques of the operator are not controllable. It is noteworthy that the SuperLimb
for overhead tasks is modeled in three dimensions in our study.

In the dynamic model, an analytical solution for SuperLimb
torques is given to track certain movement of human body and
the derivation of related supporting force is also provided.

A. Kinematic Model

The kinematic model studies the coupling of operator and
SuperLimb motion. Here g, € R"*! and 75, € R"*! represent
human joint position and torque states, respectively; g, € R
and 7, € R**! represent SuperLimb joint position and torque
states, respectively; s and h are the number of DoFs of Super-
Limb and human, respectively. Note that, 7, is treated as a state
in this model rather than an input. Our objective is to track gy,
and regulate 7, through control of the SuperLimb. Our model
only considers the condition s > h since in general manipulator
has more DoFs than that of human body to provide the capacity
of accomplishing multi-tasks simultaneously. As shown in the
frame Og, of Fig. 2, q;, depends on ¢, and components of g,
Therefore, ¢s and g5, obey:

qn = f(th,QS)v (1)
where g, = [qn1,qn2]’ and gn2 are coupled states. A closed-
kinematic chain exists in the model of Fig. 2, which also imposes
an algebraic constraint. In this study, the kinematic model is
categorized into two cases: 1) s = hand 2) s > h.

Case 1 (s = h): in this case, g and g5 are decomposed into
two components, g, = [qn1, qn2)” > @s = [ds1, @s2]” . We design
gs2 to track gpo, .. qn2 = Kqs2, where K is selected as a
constant coefficient matrix. If g2 includes rotational DoFs,
correspondingly g,o is selected from rotation DoFs. Likewise,
if gp2 includes translation DoFs, correspondingly g2 is selected
from translation DoFs. We can select K to cancel g2 in (1)
so that (1) can be simplified to ¢n1 = f(gs1). Therefore, the
derivative of that equation is,

1 = Jnsst, (2)
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where .J, s 18 the Jacobian with respect to frame Ogy, as shown
in Fig. 2. Combined with gp2 = K qs2, we have a relationship
between ¢;, and g depicted as:

j hs @

o Kl% 3

an = Jnsgs =

where J, and J),, are square and invertible except at singularity.
The definition of singularity can be referred in [23]. In this study,
singularity may occur if the manipulator is fully stretched and
such a configuration is not allowed to happen in our implemen-
tation and thus singularity case is not within the scope of this
study. From (3), ¢¢ and ¢? can be computed as:

Qg = szlqh»

1. “4)
q? —q¢ = Ngs = J, L,

where ¢? and ¢¢ are the desired and actual states respectively.

Case 2 (s > h): in the same way as case 1, we still decompose
qs and g, into [gs1, gs2]” and [gn1, qn2]”. And gpo is set to be
equal to gno = K qso with K being a constant coefficient matrix.
We have the similar form:

Jhs O

o K|% (&)

an = Jnsgs =

where Jy,, € R"*51 and hy < s;. With svd-based pseudo in-
verse, we have the inverse of J,, as:

J 0

1o} K1 Qh . (6)

QS = J};qh =

Thus ¢¢ and ¢? are computed in the same way as case 1:

Qg = J+ ‘jh,

hs

a . @)
q? —q% = Ngs = T} dn.

In this design, SuperLimb can spare some DoFs to compensate
for the operator’s posture. In the simplest way, SuperLimb is
designed such that all types of DoFs (translational and rotational)
correspond to the motion DoFs of operator. However, transla-
tional DoFs usually spare large space and most manipulator
configuration only includes rotational DoFs. Therefore, it is
necessary to discuss the above method.

In this kinematic model, motion relationship between the op-
erator and SuperLimb is discussed with the two aforementioned
cases. The decoupling method is adopted to track the motion of
the operator.

B. Dynamic Model

A dynamic system is normally formulated as & = g(z,u),
where z is the system states and w is the input. In this study,
the dynamics with human in the loop is considered and the
interaction forces between operator and SuperLimb as well as the
operator’s motion states are taken into account. The dynamics
is formulated as:

i‘:g(xvusauh)v (8)

where us and uy, are inputs of SuperLimb and human respec-
tively. @ = [z, )7 is the system states, including SuperLimb
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sates x, and human states xj,. Operator is modeled as a part of
the manipulator and includes 3 rotation DoFs and 3 translation
DoFs as shown in Fig. 2. The complete dynamics equation is as:

Aj+h=1+J"2, ©)

where A is the inertia matrix, A includes Coriolis force and
gravity. 7 is the joint torques of SuperLimb and operator. X is
the supporting force. .J, € R¥*™ is the Jacobian of support point
with respect to global frame O as shown in Fig. 2. k is the
number of DoFs of contact constraint. Since it is assumed that
the operator is equivalent to a manipulator with 6 DoFs, of which
3 DoFs are rotational and 3 DoFs are translational, ¢ and 7 are
defined as:

T (10)

T = [TSaTh] ;

{q = [gs, an]”,

where the subscription s and h represent SuperLimb and human
respectively. Then ¢, € ?°*! and ¢;, € R"*!. In this study, the
condition s > h is considered. Therefore, QR decomposition of
JT has the form as:

; an

where () is an orthogonal matrix and Q7 Q = I, R € R**F is
an upper triangular matrix with rank of k. Therefore, we have:

R
] .
0
The above equation is decomposed into two parts with A
extracted:

Aj+h=1+Q (12)

SkQT(AG+h —71) = RA, (13)
SchT(Aq + h) = SchTTv
where the selection matrices S and Sy are:
Sk = [Tk, Opx(n—i)); (14)
Ske = [Otn—t)xks Ltn—k)x (n—k))-

Therefore, the contact constraint is canceled from (14) and
we have:

{T = (SkeQT) Sk QT (AG + h), s

A= RilSkQTNkc(Aq' + h),

where (-) is dynamically consistent pseudo-inverse [24], i.e.
Wi=A"TWT(WATTWT)™L. Npe = I — (SpeQT)151.QT
is the null projection of S;.QT. 7 = [74,74]T, where 7 is the
joint torque of SuperLimb and 7y, is the joint torque of human.
G = [ds, Gn]" includes the joint accelerations of SuperLimb and
human.

The task space above is defined in frame Ogj, as shown in
Fig. 2. Due to the pseudo inverse, the analytical solution given
by (15) is not unique. In this dynamic model, joint torques of
SuperLimb and human 7 are decoupled with the contact force
A, which is the supporting force for overhead tasks. Using (15),
we can compute 7 and A using joint acceleration.

This letter aims to regulate the interaction forces and contact
forces, which corresponds to 73, and A. (15) is able to provide an
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efficient solution for joint torque and supporting force. However,
this solution does not take human body stability into considera-
tion. To ensure the CoP stability of the operator, a balance control
problem is formulated in the next section.

IV. BALANCE CONTROL

A. Full-Body Dynamics Control

Section III demonstrates a solution to 7 and A using joint
acceleration of SuperLimb and human. Given a desired joint
acceleration, a feasible 7 and A can be computed. The desired
acceleration is :

Go = JI (Gn — Jnsds), (16)

where ¢, is the actual acceleration of human and J; is the
Jacobian from frame Oy to q,. Thus the desired acceleration
..d _ ..d ..d T
q* =145, Gyl -

The solution for supporting force in (15) is the optimal re-
sult under kinetic energy as cost function. It is the force that
compensates all gravity of SuperLimb. We use 1; as the basic
force:

r = R(AG+ h), (17)

where A}, is the force for supporting gravity of SuperLimb itself.
R =R 1'5,QT Ny.. JCTAb is the joint torque for compensation
of gravity and dynamics terms. If desired supporting force is A,
then the aggregated joint torque and corresponding supporting
force is:

_ T o
{’7’ = J (A — A), as)

r=R(Aj+h—1).

In this section we formulate the balance control of human
body as a torque regulation problem and propose a balance
controller which is able to calculate the desired torque inputs for
SuperLimb to regulate the interaction force between the operator
and SuperLimb. And combining with the basic solution we
derived in Section III, this whole automatic control mechanism
is shown in Fig 3.

To better investigate the relationship of 75 and 73, and design
a controller for 7 to track the desired interaction torque 7, we
can rewrite (18) into the following form.

Aqh s JL
I N N e B (19)
Aghpy Thi Jon

where 75; and 75,1 correspond to ¢y and g respectively,
Agh = A+ h, » € R, T € RS T € RPL The
motion of g, is compensated by ¢ as designed in the kinemat-
ics model in Section III, such as yaw or pitch DoF of human body.
Obviously, revolute DoFs of human are able to be compensated
by the revolute DoFs of SuperLimb. In the planar case, e.g.
Sagittal plane, a human has z, z and pitch DoFs. The pitch DoF is
compensated and thus h1 = 2, Supporting force A = [A,, A.]7
and thus [ = 2. In spatial case, the yaw, pitch and roll DoFs are
also able to be compensated by the revolute DoFs of SuperLimb
and thus A1 = 3. & = [A, Ay, A,]7 and thus [ = 3. Therefore, it
is reasonable to assume that s1 = h1 = [ both in planar and
spatial case. J.,; and J.s are square matrices. The above
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Fig. 3. Automatic control mechanism of proposed balance controller for
overhead task. The detailed communication mechanism is demonstrated in the
dashed box to show the workflow proposed in this letter. Red lines are commands
and black lines are states.

‘ Dynamic model ‘
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qn 4n

‘ Kinematic model |

Human |

Algorithm 1: Balance Control Algorithm.

1: Imput: gy, gn, ¢n, (As, Tr) constant

2: Output: Trcguiate

3: [Initialize: Sy <= [Ik, Opx(n—k))

4 Sre <= [O(—t)xks Lin—k)x(n—k)]

50 a<=p™"

6: while zc,p > Zoop do

7: ¢% < Kinematics model (¢)

8 gt <=t "

9: A, h, J., Jhs, Jns < Dynamics model (¢,4)

1: ¢% <= (g, ¢l". ¢ <= (g2, 41"
12: @, R <= QR decomposition of .J,
13: Agh <= Ag§* + h
14: Th <= (SkCQT)TSkCQTAqh
15: Ay &= RilstTNkCAqh
16: 7<= Agh— JX (0 — As),
Th1 <= 7(s14+1:s1+hl)
17: Aqhg1 <= Agh(1 : sl,:),
18: Aqhpy <= Agh(sl+1:s1+hl;:)
19: Jes1 <= Jo(1:81,1: s1)
20: Jen1 < Je(1:s1,8s1+1:sl+hl)
21 Wy < JL (L)t
22: Wy <= Aqhsl — Jg;l(g]g;ﬂ)ilAqhhl
23: T <=OzW1(7Th1—Th1)+W2
24: 14 <= PI(TY)
250 k= (TL) N (Agha —78)
26: Tregulate <= Agh — JIA
27: end while

equation is able to be decoupled as below:

20
)»:(Jq;ll)il(AqhhlfThl). ( )

c

{)‘ = (JL) 1 (Aghs — 7o),
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Within the scope of this study, the singularity of J.s and J,j,1
is not considered, which never exists in the current configuration
of the human and SuperLimb. Therefore, J.;; and J.,; are
always taken as invertible. Therefore, we have:

Ts1 = With1 + Wa, (21)
where Wy = JX, (J%,,) " and Wy = Aghg — J5; (J4,) !

C. (& (&2
Aqhpy. (21) represents the coupling relationship between in-
teraction forces 751 and SuperLimb joint torques 7y .

7 represents desired value of 71, and itis designed as below:
7o = aWi(Thr — 1) + Wa, (22)

where 7,1 is the desired interaction force. « is named as the
convergence coefficients and set as below:

a=p""

A PI controller is adopted to track 7¢; . And the PI control law
is as below:

(23)

t

th = Kye + K, / edt, (24)
0

where e = 7% — 7% . After plugging back 74 into (20) and

combining with (18) we can have the expression of regulated

torque command Tyegulate, Which is the feed forward signal for

SuperLimb joints to track.

Tregulate = Aqh — J(’.T)\ (25)

In this subsection, a balance control based on the dynamics
model of human-SuperLimb is proposed. Human is modeled
as the part of the manipulation where the DoFs of human
movement is uncontrollable. DoFs of human and the DoFs of
the SuperLimb are coupled in the dynamics model. This study
analyzed the relationship between the human movement and
the SuperLimb and proposed a balance controller aiming at
attenuating the disturbance of the horizontal interaction force so
as to keep human’s standing balance. Eqgs. (21) and (22) imply
that each component of 73,1 is guaranteed to converge due to o
and the PI controller even if W and W5 include coupled factors.
Therefore, the regulation of the interaction forces in x, y and 2
directions is independent.

The algorithm of the proposed controller is shown in
Algorithm 1. xcep is the position of CoP within the foot co-
ordinate. Zcop is the safe threshold in which case human is able
to keep standing balance.

B. Simulation

In this subsection, an example is demonstrated using the
method proposed in the previous section. Due to the hardware
condition in our study, a SuperLimb with three DoFs is worn
on the operator. A human moves in the Sagittal plane, i.e. ¢ — 2
plane in Fig. 2. In this case, human has three DoFs, i.e. xp,
zn, and 0y, where 6}, is the pitch angle of human body. The
SuperLimb has three DoFs g, = [0y, 02, 05]7 in Sagittal plane.
Supporting force A = [A,, A.]T.

In this example, s=h=3, qs=[01,02,03]7, q,=
[Th, 21, 0n]T. We select qs1 = [02,03]7, qeo=01. qn=
[an1, qn2)” where gn1 = [x5,2,]" and gpo = 6), as  shown
in Fig. 8. Based on the discussion in previous section, we set

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on April 10,2021 at 00:45:33 UTC from IEEE Xplore. Restrictions apply.



4130

22

mm Distribution of push force

Fallen

— Average of push forc 1.92%
S
=
2
ol
(@ &
= Foot profile, y
8 |
(=]
4
250 mm
P
20 40 60 80 100
CoP Position x (mm)
5 mmm Distribution of push force Fallen
— Average of push force 3.71%
4l Critical bar
S mmm Fallen regi
% 3
O
(b) % Foot profile
> 2
8 L
=3
g {0} '
500 mm
0
0 50 100 150 200
CoP Position y (mm)

Fig. 4. Push force (in percentage normalized by subject weight) versus CoP
position within the supporting feet in the Sagittal (a) and frontal (b) planes,
respectively. The deep blue line denotes the average push force trajectory and
the light blue region represents the distribution of the push force. The human
starts to fall when CoP moves beyond 110 mm within the frame of O for the
Sagittal plane and 230 mm for the frontal plane. The average ratios of critical
push force and subject and SuperLimb’s total weight are 1.92% and 3.71% for
the Sagittal and frontal planes, respectively.
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Fig. 5. Joint torques of SuperLimb and interaction forces. 751 and 742 are

the joint torques of SuperLimb. 7, and 7 are the horizontal (x direction) and
vertical (z direction) interaction forces. The blue lines are the basic forces to
compensate the gravity of SuperLimb itself. The red lines are the forces after
disturbance. The black lines converge due to the balance control.

0n, = ¢ — 01 to keep the posture of the first SuperLimb link
relatively static in the global frame.

Ty losoe 413503, l3s23. 0 9:2
Zn | = | —lacac — l3case —l3cazc 0 9; ,  (26)
0, 0 0o -1 |4

where s;;. stands for sin(g; + ¢; +¢) and c¢;;. stands for
cos(q; + q; + ¢).1;, (1 = 1,2, 3) is the length of the first, second
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Fig. 6. Supporting forces converge due to the balance controller. The red
lines are the supporting forces after disturbance. Black lines represents the
convergence of the horizontal force under the balance controller. A, and A,
represent the supporting forces in the  and z directions, respectively.
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Fig. 7. The torque tracking of the SuperLimb. The red lines are the desired

torques and the black lines are the actual tracking torques.

Fig. 8. The experiment scenario for overhead task. To evaluate the balance
performance, subject stands on a force plate which is able to measure the CoP
position. The DoFs in the figure correspond to those defined in (26) and (27).

and third SuperLimb links, respectively. c is the constant angle.
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The CoP data is measured when human stand statically. The
subject is required to stand on a force plate which is able to
measure the CoP position. Push force is exerted on the operator’s
back where SuperLimb’s base is attached. The relationship
between CoP’s relative position within the supporting profile
of the feet and the pushing force in both x and y directions
is visualized in Fig. 4. There appears a threshold for the safe
pushing force where the pushing force lower than the threshold
will be safe to the human standing balance. Based on the standing
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habit, the threshold in y direction is larger than z direction and
therefore the balance in the Sagittal plane is more vulnerable
to the push disturbances. Base on the statistic result, a balance
controller with the CoP-related pushing force as performance
evaluation is proposed. Considering the interaction force can
be controlled independently and balance in the Sagittal plane is
prone to disturbances, without loss of generality, our study will
focus on the Sagittal plane to demonstrate the effectiveness of
the proposed method.

In the simulation, the initial states of the SuperLimb and the
operator are in statically stable state and the operator stands with-
out horizontal interaction force. When the operator’s movement
incurs the increasing of the horizontal interaction force, balance
controller attenuates both the horizontal interaction force and
vertical supporting force. For the overhead task, vertical sup-
porting force is necessary while horizontal supporting force is
not needed. However, horizontal supporting force is correlated
to the horizontal interaction force which human stance balance
is sensitive to. Fig. 5 and Fig. 6 show the evolution of the joint
torques and the interaction forces when horizontal interaction
force appears.

In Fig. 5, the two figures in the first row show the joint
torques of SuperLimb and the two figures in the second row
show the horizontal and vertical interaction forces respectively.
The blue lines represent the forces that compensate the gravity of
SuperLimb. The red lines represents the forces when horizontal
forces’ disturbance appear. The black lines represent how the
forces converge under the balance controller.

From 7,, and 7, in Fig. 5 it is demonstrated that the horizontal
and vertical interaction forces are able to be regulated indepen-
dently. With the balance controller, the horizontal interaction
force is attenuated and converge back to around zero force. Fig. 6
demonstrates that the supporting forces are decoupled where A,
and A are the supporting forces in = and z directions, respec-
tively. Horizontal supporting force converges back to around
zero while vertical supporting force stays constant.

Fig. 7 shows the tracking of 7, where the red lines are 7%
and the blue lines are the tracking torques 7¢'. The noises are
added in the desired torque commands. Supporting forces are
two dimensional and therefore in this case only two DoFs of
SuperLimb are needed to control the supporting forces. The first
and second joints are selected which correspond to 7,1 and 7so.
The model of SuperLimb and human is nonlinear and consistent
for overhead tasks. The balance controller is based on PI control
which is stable and extensively verified in many theories and
experiments.

V. EXPERIMENT

In this section, experiment is conducted to verify the balance
controller proposed in this study. The operator’s movement
is constrained in Sagittal plane. The vertical movement does
not affect the standing balance. Therefore, we focus on the
horizontal movement in the experiment.

A. Experiment Configuration

Fig. 8 demonstrates the experiment scenario. A off-the-shelf
manipulator Interbotix VX300 was selected as the main mech-
anism, which weights around 4 kg and is suitable for a normal
adult both in weight and size. There are five DoFs on VX300

— Subject1 — Subject 3
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Fig. 9. (a) The position trajectories of the base of the SuperLimb from four
subjects.(b) The position, velocity and acceleration of the operator’s movement
in slow and fast conditions, respectively.

manipulator except for the gripper while only three revolute
joints are along y axis in the Sagittal plane. There is one DoF
at the wrist (along z axis in Fig. 2) and one DoF at the base
of the manipulator (along = axis in Fig. 2). A 6-axis force
sensor is mounted between the base of VX300 manipulator and a
rectangle-shaped acrylic board, which is embedded and tightly
attached in a backpack. The force sensor is able to measure
the interaction force between the operator and SuperLimb. Intel
RealSense T265 is adopted as the visual odometry and mounted
on VX300 base to measure the operator’s movement. A host PC
with linux system runs the controller codes. ROS is adopted for
running the controller of SuperLimb and collecting the sensing
data from the force sensor and the visual odometry. Interbotix
manipulator is set as current mode. The serial communication
cable connects the SuperLimb and the host PC. The force plate
measures the CoP of the operator. The data are synchronized
during the experiment. It is noteworthy that the force plate is for
evaluation purpose in the experiment rather than in the reality
application due to the inconvenience of portability. Based on
the results in Fig. 4, critical push force which incurs the falling
of human in stance state is statistically learned and normalized
taking human weight into account.

In experiment, four subjects were invited to participate as
the operator. The heights of the subjects are 162 c¢m, 169 cm,
169 c¢m, and 173 cm respectively. The weights of the subjects
are 50.3 kg, 64.5 kg, 80 kg and 77 kg respectively. Balance
controller regulates the SuperLimb’s joint torques to attenuate
the horizontal interaction force to keep the operator’s standing
balance. Visual odometry measures the position of the operator’s
upper body, which is almost equivalent to the CoM of the human
body [25]. Velocity and acceleration are differentiated from the
position with filtering.

B. Experiment Results

Fig. 9 shows the position, velocity and acceleration of the
operator’s movement under slow and fast conditions, respec-
tively. The red lines in Fig. 9 represent the fastest movement as
possible as the subjects can in the stance state under the largest
magnitude of horizontal motion in which CoP moves to the edge
of the polygon of the supporting feet.

Fig. 10 demonstrates the performance of the balance con-
troller under slow and fast conditions. CoP position measured by
force plate is used for performance evaluation. At the beginning,
the disturbing horizontal interaction force increases and push the
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Fig. 10. Horizontal interaction force and CoP position (x direction). The left
figure is for the fast condition in which a human moves relatively fast while the
right figure is for the slow condition in which a human moves relatively slowly.
The black and red lines are the horizontal interaction force and CoP position,
respectively. The lines present the statistical average results and the red and blue
regions are the distributions of the experiment results.

CoP away from the center of supporting feet. Balance controller
attenuates the horizontal interaction force through regulating
the SuperLimb’s joint torques. When the horizontal interaction
force converge back to around 5 N and CoP position returns
to the initial location where the operator stands in balance. The
CoP returns within around 0.8 s for the fast condition and around
2 s for the slow condition. The horizontal interaction force in the
fast condition is relatively larger than that in the slow condition
due to the inertia effects.

VI. CONCLUSION

This study proposed a model of the SuperLimb and hu-
man for overhead tasks and designed a balance controller to
avoid potential falling danger. QR decomposition is used to
decouple the supporting forces and the joint torques to control
the interaction forces independently. To quantitatively evaluate
the balance, CoP position is used as the balance index. Four
subjects are invited to test the variability across the subjects.
From the experimental results, the four subjects present different
interaction forces due to variations of the inertia parameters,
movement characteristics and etc. The variability is shown in
the statistics results in Fig. 9 and 10. Overall, the proposed
controller based on the operator-SuperLimb model is effec-
tive. We admit that there may be potential greater variability
for more subjects cases. Theoretically, with accurate model
parameters of both operator and SuperLimb, the controller is
supposed to be consistently effective since both the models
of the operator and the SuperLimb are taken into account.
Within our best knowledge, it is the first time to study the
standing balance issue of SuperLimb control for overhead tasks.
The future work will include the comprehensive discussion
about the controllability and the mechanical configuration of the
SuperLimb.
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