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Abstract—1In this paper, two upper limbs of an exoskeleton
robot are operated within a constrained region of the operational
space with unidentified intention of human operator’s motion as
well as uncertain dynamics including the physical limits. The
motion intention of human operator can be modelled as a desired
trajectory of his/her limb model of variable force and impedance.
Adaptive online estimation for impedance parameters is employed
to deal with the nonlinear and variable stiffness property of
the limb model. In order for the robot to follow a specific
impedance target, we integrate the motion intention estimation into
the Barrier Lyapunov Function (BLF) based adaptive impedance
control, which can drive the dual-arm exoskeleton tracking target
impedance model within the physical ranges of positions and ve-
locities. Experiments have been carried out to test the effectiveness
of the proposed dual-arm coordination control scheme, in terms of
desired motion and force tracking, as well as human-like natural
performance.

I. INTRODUCTION

In the past decades, exoskeleton robotshave been developed
for human power augmentation, rehabilitation training [1], [2].
One of the most critical issues to control a robotic exoskeleton
is to enable the robots understanding the human’s motion
intention so that the robots could actively cooperate with
the human subject. According to [2], the bimanual tasks for
dual-arm manipulation can be classified into two categories:
symmetric bimanual task and asymmetric bimanual task and
the differences between these two categories are summarised
in Table I. Compared with asymmetric tasks for dual-arm
manipulation, it is generally easier for a robot to perform
symmetric task. However, in practice, most tasks need bimanual
dual-arm cooperation in an asymmetric manner, the asymmetric
tasks are more popular than symmetric task in practice, and
asymmetric tasks bring more challenges in the control design
than symmetric tasks. Therefore, in this paper, we develop
an asymmetric bimanual coordinate control for a dual-arm
exoskeleton system for cooperation with human, in which the
left arm implements the constrained motion to a circular object,
to which the right arm is attached. The constraint circular object
is held by the left hand to follow the trajectory planned in the
global frame of coordinate, while the right arm’s end effector
follows a trajectory planned on the circular object.

In [3] and [4], the velocities of the two manipulators’ end-
effectors can be viewed as relative motions by the introduc-
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TABLE 1
DIFFERENCES BETWEEN SYMMETRIC AND ASYMMETRIC BIMANUAL TASK
Task type Functions | Motion Examples
Symmetric Identical Identical | Rope climbing
Asymmetric | Different Different | part assembly, opening bottle.

tion of a relative Jacobian which combines the individual
Jacobians of both manipulators together. In [5], by using the
relative Jacobian, the kinematic redundancy of dual-arm system
was utilized for optimizing torque distributions. In [6], both
kinematics and dynamics using relative Jacobian were pre-
sented as well, and robust/model-free impedance controller for
dual-arm system was proposed. However, the aforementioned
works focus on industrial manipulators without consideration
of human participation. Moreover, each manipulator is assumed
to be redundant and far away from singular configurations.
While in practice, singularities and physical constraints can
be encountered during performing the task. Therefore, in this
paper, we need to consider human cooperation for the robotic
exoskeleton, and the position where the singularity happens as
the physical constraints of the exoskeleton.

In human robot cooperative manipulation, to enable a robot
actively collaborate with the human operator, we must solve the
problem that how to make the exoskeleton robot understand
the intention of the human operator’s motion. In robotics
community, impedance control has been regarded as an effective
approach to achieve physical human-robot interaction. When
a human subject intends to change the motion, a load force
would be produced as the robot extracts its motion in terms of
the force exerted by the human subject. To solve this problem,
we expect to estimate intention of the operator’s motion, and
integrate it into control system design. In this paper, we use the
position and force sensors as communication medium between
human’ arm and robot’s arm. In order to estimate the motion
intention of human operator from available sensory information,
much efforts have been made [7], [8] [9]. However, one of
main problems of the these works is that the variable stiffness
property was not considered in the impedance model for motion
intention estimation, and consequently the estimation may be
not accurate enough.

On the other hand, special consideration should be also
taken into the dual-arm exoskeleton with position and velocity
constraints in the manipulation tasks for avoiding the singularity
region, physical limits and dangerous region, etc. The constraint
violation may bring degrade in the control performance. There-
fore, it is necessary to carefully deal with the constraints in
control design of the various robots [14]. For robot control
design, Barrier Lyapunov Functions emerge as a promising
approach for handling such physical constraints such as joint
limits, torque limits, safety zones [10], [11]. Consider the prob-



lems mentioned above, in this paper we propose an asymmetric
bimanual coordinate control for the dual-arm exoskeleton to
perform human cooperative manipulation. The contributions can
be summarized as follows: (i) the intention of human operator’s
motion is estimated through impedance parameter identification;
and the estimation is embedded into impedance control such
that the robot “actively” follow its human subject; (ii) the
approach of impedance parameters identification is proposed
to estimate the variable stiffness which varies among different
subjects, with the instantaneous measurements of force and
position of the dual-arm end-effectors, and (iii) a novel BLF-
based adaptive impedance control is proposed for the dual-arm
exoskeleton under the consideration of the position and velocity
constraints.

II. SYSTEM DESCRIPTION

The illustration of asymmetric bimanual manipulation by our
dual-arm robot is shown in Fig. 1, where the arm II's end
effector tightly holds the circular object moving as required
in task space, and the arm I's end effector follows a desired
trajectory on the circular object and meanwhile imposes a given
certain force on the circular object, where O,X,Y,Z, is the
coordinate on the circular object and its origin at the mass centre
O,; OpXpYnZy is the coordinate on the manipulator I's end
effector and its origin at the mass centre Op; O.X_.Y.Z, is the
coordinate on the manipulator II’s end effector and its origin at
the mass centre O.; and OXY Z is world coordinate.

The relative position of the system can be described by x. =
X0+Ao(00)Xcm Xh = X0+Ao(00)XhOa A= Ao(oo)Aco(eco)7
Ap = A,(0,), where A,(6,) € R3>*3 represents the rotation
matrix of 0, and A.,(0.,) € R**? denotes the rotation matrix
of Oeo; Ae € R3*3, x., xn, and Y, are the position vectors
in O. X Y. Z., OpXpnYnZn, O, X,Y,Z,, respectively, and x.,
is the position vector in O.X_.Y.Z. expressed in O, X,Y,Z,;
Xho 18 is the position vector in OpX,Y,Z, expressed in
0,X,Y,Z,; 0. is the orientation vector of O.X.Y.Z.; 0, is
the orientation vector of O,X,Y,Z,; 0., is the orientation
vector of O.X_.Y.Z. expressed in O,X,Y,Z,; Or, is the
orientation vector of Oy X, Y, Z, expressed in O, X, Y, Z,; 1. =
X, 0717 € RS, 7, = [XE, 0117 € RS, r, =[x, 077 € RS,
Teo = X5, 00)7 € RS, 1o =[x}, 07 7 € RE. Considering
that the circular object tightly grasped by manipulator II, we
have 7n, = [x%,,00 17 = 0, accordingly, Xn, = 0 and
ého = 0, then we can obtain the derivatives of thc; relative
pOSitiOl’l as XC = Xg +.AO(GQ)XCO - S(A_o(eo.)Xco)e.o’ Xh =
Xo — S(Ao(06)Xno)00s 0c = 05 + As(05)0c0, 61 = 6,, Where

S(t) = [0, —t3, ta; 13,0, —t1; —ta, t1,0] [3] with a given vector
t = [tl,t2,t3] Deﬁne X, = L6017, X, = [xT,67)7,
X, = [)'(h,GT] , Xeo = [XL,0%)T. Then we have the
following relationship

Xe = R;'X.—R,'PX, (1)

Xh = QXO (2)
where Ry = diag[A,(0,), Ao(0,)],
P = [ISXB,7S(A0(00)XCO);0513X3]7 Q =

(1373, —S (Ao (b, )Xho),O,IsXS]. Due to the rotation matrix
Ao( ) o( o) ( o) = I3><3 and RAR’;Z; = IGX6, it is
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Fig. 1. Schematic diagram of a dualFig. 2. The asymmetric bimanual
arm. tasks.

obvious that P and @ are of full rank. From (1), one can obtain
the relative Jacobian Jx as X, = [R;', —R;'P][X1, XT|T.
Considering XC = Jaga and Xo = Jpgp, and letting
q = [q%,q}5]", then we have

Xeo [Ra', —R4 Pl[Jada, Jeis]"
= [Ry'Ja,—R,'PJgpld" 3)

where Jp = [R;'Ja, —R;'PJg] is the relative Jacobian in
the world coordination.

III. HUMAN-ROBOT COOPERATIVE MOTION GENERATION

Some approaches have been proposed for estimating the stiff-
ness of robot actuators [17]-[20]. However, these approaches
can not be applied to human-robot cooperation due to ignoring
the human intention estimation. To overcome the practical issue,
it is sufficient to consider the case of an additional unknown
force function ¢(z,w) in [16], i.e.

f=mi+bx + kx + ¢(x,u) 4)

where the perfect and complete information of w is not avail-
able. Assume that exact values of the applied force f and the
position z are measurable, and the corresponding derivatives
of these variables can be obtained, and the stiffness-regulating
input v is bounded with its first derivative %. Then, assume that
the ratio between the stiffness regulation rate of change and
the velocity of the trajectory measurement is bounded, namely,
during the observer application for all times ¢ it holds

()] < ul(t)], vt (5)

Let % = £(z,u) denote the stiffness to be measured.
Also let £(t) denote its estimate at time ¢, and & = &(z, u) — &
be the estimation error. Differentiate (4) once with respect to
time to get

f=mi +bi + ki + £ + cuu (6)
where g, = % Using the current estimate of stiffness and

the assumptions stated above, a best-effort prediction for f can
be written (in the absence of information on ¢(x, ) and on u)
as X ~

f=mT 4+ bi+ki+E&x @)
The update law can be chosen as

€ = afsgn(s) ®)



with a > 0 and sgn(e) = o, if || e || # 0, else, sgn(e) =0,
when || e || = 0. It is such that ¢ can be made to converge to the
true stiffness value ¢ within an uniformly ultimately bounded
error.

The traditional mass-damper-spring model to mimic human
limb dynamics [16] can be presented as Me(Xm — Xe) +
Bo(Xpm — X))+ Ko (X, — X.) 4+ E = F,,, where M., B, and
K. are diagonal matrices and respectively denote the human
limb mass, damper and stiffness matrix; = denotes the variable
stiffness, = = [£1,&2,...,&0]T; X, represents the human-
environment interaction location; F},, is the measured contact
force; and X, is the measurement of Cartesian space coordinate
of the dual-arm exoskeleton. In this paper, we view the human
limb stiffness as the addition of fixed term K and variable term
=. From [15], the environment model is mainly related with the
damper and spring components, and it can be simplified as

Bo(Xm — X))+ Ke(Xon — Xo)+E = Fp, )

where B, and K. are unknown impedance parameters, and the
stiffness K. can be estimated by the previous method (8). From
(9), it is difficult to calculate X, even if F},, can be measured
by a force sensor, therefore, we need to estimate B, and K..

In human and robot cooperation, human should be active in
the task and user inputs control into the system to assist the
dual-arm robot to complete the manipulation task, moreover,
two arms of the dual-arm exoskeleton robot contact with each
other and the interaction force would be produced between
them. Two-tiers control loop control is considered in such a
manner that the dual-arm exoskeleton robot is controlled to
follow the interactive force in between the human limb and
the exoskeleton robot. As a result, the interaction force should
be minimized. The outer loop generates the human intention
trajectory, and the inner loop guarantees position tracking.

Let F,; represent the desired force and ey = Fy — F),
represent the force tracking-error with the actual force Fi,.
When the dual arm exoskeleton robot follows human intention,
the interaction between robot and its human subject should be
small. Therefore, F; is desired to be equal to 0. The impedance
filter is chosen as G(s) = s/K; — 1/K. with constant
impedance coefficient K¢, and G(s)E(s) = X, (s) — X (s) +
Z(s)/K. is the position perturbation due to the interaction
force with X,.(s), X (s), E(s) and Ef(s) respectively being
the Laplace transformations of X, X,,, = and ey. The force
tracking error ey is given by

Fd_Fm:Fd_Be(Xm_Xe)

er =
Ko (X — Xe) — 2 (10)
Xn(s) = G(s)Es(s) + X.(s) —E(s)/Ke (11)

Taking Laplace transformation on (10) and then combining (11),
we have

S FUs) + Bus(ns) - 2.(5)

— K (X (s) — Xe(s))]

Ey(s) =
(12)

where Fg4(s) is the Laplace transformation of Fy. Then the

steady-state force tracking error ey can be obtained

efs = limsEg(s)

zlmgqa@+&&@—&%@)ﬂﬁ

s—0 e

If the desired position trajectory is precisely selected as,

Xr :Xe+Fd/Ke (14)

then tracking error of the steady-state force is eys = 0. If the
parameters of environment K. and X, are accurately known,
the reference position trajectory X, could be generated from
(14) to exert the desired interaction force Fy. However, the
values of X, K. and B, are always unknown. Let us consider
using its estimate to instead the real values. Here, Fm denotes

the estimation of Fj,,, therefore, we have X, = X, + %Fd,

where X, and K, are adaptively computed estimates of X,
and K., respectively. The measured force F;,, from (9) can be
written as

Fop = KX + B X, — Fo (15)

where Fy = K. X, + B.X. — E, B. and K, are the desired
values. Considering the estimation of K. and B., we have
Fo=KXm+ BX,, — Fpy (16)
where ﬁ‘o = K6X5+BGX —Z, Xe can be viewed as a predictive
of F),, based on the current estimates of K. and X.. From (15)
and (16), we can obtain
F,=K.X.+ B.X. — F, (17)
\YhereAKe = Ke - K(n Be = B(’ - Be, Fm, = Fm - Fm,’
Fy = Fy — Fy are estimation errors.
Theorem 3.1: Considering the human limb dynamic model
(9), we propose the following adaptation law as

Bei = —vBiXi(Fmi — Fni) (18)
Kei = *'YKzXz(FA‘mz - Fmi) (19)
5 Fmi — Fmi Y v
Xri = w5 |Yei + (VKiXmi + vB:iXmi) Xri [20)
K b [Yei + (7K VBi Xmi) X i
éi = aiFmngn(Xmi - Xcz) 2D

where o, vp; and vk, are properly selected by the designer,
the estimation values Bei and Kei converge to their respective
true values B.; and K.; as t — oo, and the corresponding
motion generation can be given as

Xpi = Xpi+ Fui/Ke (22)
¢

Ke(t) = K. (0) - ’Ym/ Xoni(Fpi — Fyi)dr (23)
0
t

B.i(t) = B.i(0) *’YBi/ Xoni(Fmi — i )dr (24)
0

Fmi = Kei(Xmi - Xei) + Bei(Xmi - Xei) + Ei (25)

and the the estimated motion intention is X,;(t) = X,;(0) +

t B i—F,.; : 5
0 71;25#;1 (Yei + (VKiXmi + YBiXmi) Xri)dT.

Proof: See Appendix. ]



Remark 3.1: According to [21], [22], [23], the human arm
parameters are used to discriminate subjects through mapping
the suitable control parameters for achieving smooth human-
robot interaction. Since a human arm dynamic model can
be characterized by its impedance parameters (mass, stiffness
and damping), it has been verified that human arm stiffness
varied greatly between subjects, tasks, perturbation patterns
and experimental devices. A drawing task investigated in the
paper requires low velocity, since a high-velocity drawing might
not be feasible. During the drawing task, in the impedance
characteristic of human arm movements, the range of the
stiffness are wider than mass and viscosity. Since both inertia
and damping would be decreased in the range of low velocity,
the influence of the stiffness parameter is largest among the
impedance characteristics, and it dominates the human arm
dynamics over the mass and the damping parameters during
a human-robot task. Therefore, in the paper, the variation of
damping and inertia in the muscle are negligible.

IV. DYNAMICS OF DUAL ARM EXOSKELETON ROBOT

The complete dual-arm exoskeleton dynamics including the
human and robot can be described in the joint space as

H(q)§+ C(g,4)d + My(q) +7a =7+ JA (26)
with Xco = Jgrq, where ¢ is the dual-arm system’s joint
variables, and ¢ = [¢}, ¢5]T € R™; g4 is the vector of the

manipulator I’s joint variables, g4 € R™4; ¢p is the vector of
the manipulator II’s joint variables, qg € R"Z; n4 is DOF
of the manipulator I; np is DOF of the manipulator II; n is
DOF of the dual-arm exoskeleton robot, and n = n4 + np;
H(q) is the block diagonal of combined inertia matrices, and
H(q) = diag[Ma(qa), Mp(qp)] € R™™; C(q,q) is the
combined torques of Coriolis and centrifugal forces, C(q, ¢)q =
diag[C% (g, 4a)da, Ch(am, 4B)iB)" € R™ Ma(qa) is the
inertial matrix contributed by both the human arm and the
exoskeleton manipulator I, Mpg(gp) is the inertial matrix con-
tributed by both human arm and the exoskeleton manipulator
I; Ca(qa,qa) is the Coriolis and centrifugal matrix of the
human arm and the exoskeleton manipulator I; Cg(¢p, ¢g) is
the Coriolis and centrifugal matrix of the the human arm and
exoskeleton manipulator II; G%(q4) is the torque of gravita-
tional forces of the human arm and exoskeleton manipulator I;
GL(gp) is the torque of gravitational forces of the human arm
and exoskeleton manipulator II; 7 is the joint torque vector
of dual arms, 7 = [r3,7%]" € R" with the control inputs
74 and 7p from the manipulator I and II, respectively; 7, is
the human joint torque, 7, € R™; My(q) is the gravitational
matrxi contributed by both the human operator and exoskeleton
robot; 74 is unknown mechanical disturbance 75 € R™; J(q)
is the Jacobian transformation matrix; Jr(g) is the Jacobian
transformation matrix; X is the coordinate in the task space,
and X = [X,, X.]T; X is the applied external force, A € R".
Consider an [-dimensional independent constraints in the
relative trajectory for the system with a generalized coordinate
q¢ € R", which can be expressed as h(q) = 0 € R!. The
constraint force can be measured by a force sensor on the end-
effector and can be converted into joint space as f = J}(q)\ €

R™ where Jr(q) = %Z € R, where A\ € R! is a generalized
Lagrangian multiplier.

Inspired by the implicit function theorem in [12], there
exists a proper partition of ¢, i.e., ¢ = [(¢")7, (¢>)T]T for
¢ € R and ¢*> € R!, where ¢> = Q(¢') with a
nonlinear mapping function ). Note that the superscript in g¢*
and ¢? just denote the index of coordinate partition not the
exponent operation. Consider the partition X, = Jr(q)g. It
is easy for us to derive X,, = [X7,X7]T and Jr(q) =
diag[J1(q), J2(q)], X1 = J1g'. One can obtain that the terms
9Q/9q* and 9?€Q/9(q")? are bounded. Moreover, we have the
following relationship for the independent coordinates qt, q'
as q = [(ql)T’Q(ql)T]T’ q= [In—la %]qu = A(ql)ql'
Differentiating the constraint h(g) = 0 with regard to time ¢,
we have Jr(q)A(q')¢* = 0. Noting that ¢! is an independent
coordinate, we have Jr(q)A(q') = 0 and AT (¢")J%(q) = 0.
Due to the velocity transformation, the derivatives of ¢ should
satisfy G = A(q")q" + A(q")q".

To simplify the notations, we will omit variables in function
vectors or matrices in the rest of this paper. For example,
without causing ambiguity, we will use H, C, My, h and A
to denote H(q), C(q,q), M,(q), h(q) and A(g") respectively.
Then, we can have

HAG + (CA+ HAY' + My + 14 =7+ JEA (27)
Multiplying AT by both sides of (27), we can obtain
Hi' +Ci'+G++Ta = T (28)

with X, = Ji¢', where # = ATHA ¢ R(v=Ox(n=0) ¢ —
AT(CA + HA) c R(n—l)x(n—l)’ G = ATMg c Rn—l’ T, =
ATre R band T = ATr e R

Property 4.1: The H and its inverse 7! are positive and
symmetric definite matrices, and the H — 2C is a skew-
symmetric matrix [13].

V. CONTROL DESIGN

Define error variables e; = X7 — X14, and e; = ¢ — ¥4,
with a virtual input can be designed as

we?el

2e2
where ¢ denotes the constraint on e; and can be designed as a
small positive constant.

The human joints have physical limits, in order to avoid
possible danger to human during the motion, the constraint of
tension should be considered in the control design. Therefore,
we require errors e; and es remain in their respective constraint
set Q1 = {]le1]| < e} and Q2 = {]|e2|| < o}. It should be noted
that due to non-singularity assumption, the pseudo inverse J;"
exists, and J; Jf = I, In order to assure the constraints for X;
and ¢;, we need to guarantee that e; and ey do not transgress
the constrained region.

Consider the following desired control law

V1 = Ji (g)[—cos®( )K1e1 + X14] (29)

TH JT
7;* _ _ COS2(7T€; 262 ) lﬂiie + K2€2 (31)
0 cos? (—5s)

T = HH+CH+G+Ta (32)



where ¢ denotes the constraint on e, and can be designed as
a small positive constant, K5 is a positive definite constant
matrix to be designed. Since H, C, G and 7T; can not be
obtained beforehand, the designed control law (30) can not be
implemented, therefore, we have the following property.
Property 5.1: Define ¥ = 7-{,191 + CY1 + G + T4, and there
exist some unknown finite non-negative constants ¢; > 0(i =

1,2,3,4) such that Vg € R™, V4 € R", |Hd1| < c1]|di]],
1COL < e2llglll[0n]l, 1G]] < es and [ Taf| < ca
Since 0 i < cosz(%;f"’ez) < cosQ(m;;‘ez) <
COSQ(%Q‘?”) <1, let us define
A T Ao T
b1 :(:052(77T m;;262 62)7 Ba :(:052(77T mQZZSQ 62) (33)

Definition 5.1: Consider time varying positive function
0(t) which converge to zero as t — oo and satisfy
limy, o0 fo s)ds = b < oo, with finite constant b. Many
a choice of (5( ) satisfy the above condition, for example,
5(t)=1/(1+1t)%

To overcome the uncertain dynamics, consider the adaptive
robust approach to estimate the unknown entities as

T = T+ T (34)
T
7. = - Piea g, 35)
(:OSQ(LS1 =)
|cz\f1> e
Ty = 36
' §¢n62n+m (30

where K is a positive definite constant matrix; ¢; is the estima-
tion of ¢;; w; satisfies Definition 5.1, and lim;_, o fg wi(s)ds =
b1; < oo with positive constants by;(i = 1,2,3,4); & =
IEANEIEA 1}T € RS. As similar to model-based con-
troller (30), 7, and 7, can be respectively interpreted as a
control input for constraints and a control input that deals with
the dynamics of the robot.

Choose the adaptive updating law as ¢ =
1 (016 — —=2ileel® ) Ghere Ty s a positive
v Bu(@illex|[+B1wi) )2 g

constant to be designed; o; satisfies Definition 5.1, and
lim; s o0 fo oi(s)ds = by; < oo with positive constants bg;.
The stability of the proposed controller (34) is analysed in
Appendix.

The designed controller (34) just contains motion control law.
For force control, we need design the force controller. Consider
(27) and let us derive the force A as

A= Z[(CA+ HA)j + My + 74— 7] (37)

where Z = (JpH'J})~'JrH 1. Consider the overall con-
trol input 7 = 7,,, +.J% 74 with the motion control 7, satisfying
Tm = ATTT (AT is the left inverse of AT which can be
calculated by At = A(AT A)~!) and the force control 7, then
one can obtain

A=Z[(CA+HA)j + My +Ta+7h — ] =7 (38)
The force control law is designed as follows
sz)\d—Kfe,\ (39)

Fig. 3. The location of force sensor. Fig. 4. The external force exerted on

the circular object holding by arm II's
end effector.

where K is a designed parameter, ey = A — A\4. Substituting
(39) into (38), we have

(Kf+1ex=Z[(CA+ HA)g + My + 74— 7] (40)

Theorem 5.1: Consider the dynamics of dual-arm exoskele-
ton (28) with actuator dynamics, the adaptive controller (34)
and the update law ¢&;. If the initial errors satisfy [e; (0)] < e
and |le2(0)]| < o, then the following conclusions can be made:
(1)all the closed-loop signals are bounded; (ii) for V¢ > 0, the
constraints |le1(t)|| < e and ||ea(#)|| < o hold, where € and o
are two small positive constants to be designed; (iii) the position
X1(t) of the end-effector satisfies X, (t) < X1(t) < X1(t)
with the upper and lower limits X;(t) = —e + X14(t) and
X,(t) = e+ Xy4(t), respectively, V& > 0, which makes
the constraints non-violated; (iv) the tracking errors e;(t) and
e2(t) and ey (t) converge to the origin, i.e., X(t) — X14(t),
¢1(t) — 9; (v) the force tracking error e is bounded as ¢t — oo.

Proof: See Appendix . ]

VI. EXPERIMENTS

The developed dual arm exoskeleton robot consists of two
5-DOF exoskeleton platforms shown in Fig. 2. There are five
revolute joints in the developed exoskeleton. Motors 1, 2, 3, 4
and 5 are the motors for shoulder abduction-adduction, shoulder
flexion-extension, elbow flexion-extension, forearm pronation-
supination and wrist radial-ulnar deviation, respectively. By
using (18) and (19), we can estimate the human intention X,
in (22). Therefore, a force sensor need to be used to measure
interactive force between human and the dual-arm exoskeleton
robot, as shown in Fig. 3, it is mounted on the end-effector of
the right arm.

A drawing task is considered in the experiment shown in Fig.
2. The left arm moves according to the predetermined trajectory
on the circular object held by the end effector of the reference
right arm. Five joints/DOFs are involved in the experiment, i.e.,
three joints/DOFs for the left arm to perform drawing task, two
joints/DOFs for the right arm to maintain the circular object.
The left arm maintains the contact during the drawing. During
executing the task, the the desired relative trajectories are
designed to keep the end effector of the left arm perpendicular
to the surface of the circular object, which is held by the end
effector of the right arm. The constant force is exerted in the
constrained direction perpendicular on the circular object. We
firstly predefine a time-varying target trajectory and secondly



employ the designed human intention estimation method to
recognize the human’s real intention and then drive the dual-arm
exoskeleton robot follow the recognized human intention by the
developed adaptive control strategy. Specifically, the shoulder
joint of the exoskeleton robot’s left arm is constrained between
two predefined target positions, i.e., 0.4 rad and 0.0 rad which
are respectively depicted by dot dashed line in Fig. 5(a), while
the elbow joint of the exoskeleton robot’s left arm is expected to
be constrained between another two predefined target positions,
i.e., 1.6 rad and 0.4 rad which are respectively depicted by dot
dashed line in Fig. 5(b). The same experiment are repeatedly
performed 5 times with 5 different subjects whose information
are Subject 1 (Male, Age:25, Height: 181 cm, Weight: 65kg),
Subject 2 (Male, Age: 24, Height: 165 cm, Weight: 59 kg),
Subject 3 (Male, Age: 24, Height: 172 cm, Weight: 72 kg),
Subject 4 ( Female, Age: 28, Height: 158 cm, Weight: 51 kg),
and Subject 5( Female, Age: 23, Height: 160 cm, Weight: 45
kg).

In order to illustrate the advantage of the proposed human in-
tention estimation approach, we also performance a comparison
experiment using the conventional impedance control method.
It is well known that the impedance model can be described
as Md(Xm - Xr) + Bd(Xm - Xr) + Kd(Xm - Xr) = Fon,
where My, By and K4 are the desired inertia, damping and
siffness matrices, respectively. In the comparative experiment,
we choose the impedance parameters as My = diag[0.0,0.0],
B, = diag[7.0,6.0] and K4 = diag[0.1,0.1]. The controller
parameters are chosen as K; = diag[27.45,25.8], Ky =
diag[8.01,6.4], ¢ = 0.03, 0 = 2 Ajpaz = 3.5336, Apnin = 0.08,
wj = 5/(t + 1)2. The force controller parameter in (39) is
chosen as K; = 5. The target external force is Ag = —2.0V.
We choose ¢; = 0(i = 1,2,3,4) as the initial values of
adaptive laws. Parameters in adaptive laws are set to I'; = 0.15
and o; = 2/(t + 1)2. The interaction force is measured by a
force sensor on the end-effector of the right arm. The design
parameters with regard to human arm model are chosen as
Yri = 0.1, vg; = 0.1 and ~,; = 0.01.

The results of experiment on the elbow and shoulder joints
are shown in Figs. 5-10. Firstly, the subject 1’s experiment
results are shown in Fig. 5. The estimated human intention
trajectories for the two joints are shown in Figs. 5(a) and 5(b).
The two figures illustrate that the positions of these two joints
track their respective desired trajectories with small errors. It is
obvious that the tracking errors are reducing smaller with time
evolves. Fig. 5(c) shows the evolution of the input signals for the
corresponding motors. The adaptive parameters are presented
in Fig. 5(d). The interaction force is shown in Fig. 5(e). The
human arm model parameters, i.e, B., K. and =, are updated
in Figs. 5(f)-5(h). From these figures, the desired performance
is obtained by using the proposed control scheme, even if
little dynamics knowledge of the exoskeleton and the external
disturbances in the environment is available. Figs. 5(a) and 5(b)
show that the actual position converges to the estimated human
intention trajectory. The boundedness of input signals is shown
in Fig. 5(c).

For the experiment results of subject 2-5, we only present
figures about human intention estimation. Figs. 6-9 show the
results of subject 2-5. From these figures, we observe that the
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Fig. 5. Experiment results of comparative experiment results for Subject 1.

dual-arm exoskeleton can recognize the human intention by
the proposed human intention estimation method and also can
track the desired human intention trajectory effectively by the
proposed adaptive control strategy. The external force exerted
on the circular object holding by arm II's end effector is shown
in Fig. 4. We can observe that the actual external force A
tracks the target force Ay with small tracking error in Fig. 4
for the 5 subject. And the trajectory of A shows the tendency
of converging to the target force ;.

The results of comparative experiment within the 5 subjects
using the traditional impedance control method presented in
[9] are shown in Fig. 10. The five lines in every figure
denote the experiment result of one subject. The estimated
human intention for exoskeleton shoulder and elbow joints are
presented in Fig. 10(a) and Fig. 10(b). Fig. 10(c) and Fig.
10(d) respectively denotes the measured interaction force in
the experiment process. The input torque for the two joints
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Fig. 6. Experiment results of subject 2.

are shown in Fig. 10(e) and Fig. 10(f). From the subplot (f)
of Figs. 5-9 and Fig. 10(c) and Fig. 10(d), we can observe
that when using our human intention identification scheme,
the interactive force between exoskeleton robot arm and its
human partner is smaller. In the comparative experiment, we
use same impedance parameters for the 5 subjects. Moreover,
we have compared the inter-subject experiment results in Figs.
5-9. From these figures, we can see that the estimated human
arm parameters B., K. and Z are considerable different. It is
understandable because different human should have different
arm parameters. The developed method can identify its human
partner’s arm parameters and then use the recognized parameter
synthesizing the desired human intention that the exoskeleton
robot to precisely follow.

VII. CONCLUSION

The paper developed a Barrier Lyapunov Function (BLF)
based adaptive impedance control for dual-arm exoskeleton
with unknown intention of the human operator, unknown robot
dynamics, and the physical limits. Motion intention of human
operator is considered as the desired trajectory and impedance
parameter online identification is employed to deal with the
nonlinear and variable stiffness property of human limb model.
Experiments have been conducted to demonstrate that the
proposed dual-arm coordination controller is effective. In the
future work, we shall consider stroke patients participated in
the actual experiments.
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APPENDIX
Consider the Bagrier Composite Energy Function candidate
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because that —¢&;¢; = —éi(c; + &) = —¢;¢; — Ci¢; and
—Gic; < (8 +cic;), we have —¢;¢; < —16;6,+ 1 czcz Then,

we can rewrite V as V < —e (Kl —a/2cos?(T5t) Jep —

- ))62 + Y ciwi + Yy douck —

Si L0uéé. Since Y ciwi — 0 and Y, Souc? — 0
as t — oo due to the definition of w; and o;, and by
selecting the suitable positive definite constant matrices K,
K, satisfying K7 > %I and Ko > %I , and positive constants
[i(i = 1,...,4), one can conclude that V' < 0 as t —
oo. Thus, e; and es converge to the origin as ¢ — oo.

Integrating both sides of the above equation gives V(t) —
V(0) fo {el (Kl — a/2 cos? (W;é2 ) el + ed | Ko —

T
O‘/QCOSZ(WZ261>>62+ZJ 1 QUJc]cj}derfO { i=1 Ciwi +

4
2271 504C; ¢2 bds. Since ¢; is constant fo w;ds = by; and and

fo o;ds = byi(i = 1,...,4) are constants, we can rewrite
it as V(¢t) — V(0) < oo. Thus, V is bounded such that
e1,e2 € Lo, and X € L, according to the boundedness of X4
in Assumption 3.1. We can conclude that J; and ¢ are bounded.
Since ¢; is a constant, we have ¢; is also bounded. Then, we can
obtain the follows. (i) Since the augmented Lyapunov function
V' is bounded, it is obvious that all the closed-loop signals are

T
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Fig. 9. Experiment results of subject 5.

all bounded. (ii) Assume that there exists some ¢ = 7' such
that ||e1(t)|| or ||e2(t)|| grows to their respective constraint €
or g, ie., |ler(T)| = € or |le2(T)|| = o. The initial values
le1(0)]] < € and ||e2(0)|| < o. Then, it is obtained that V' rises
infinite by substituting e;(T') or ey(T) into V. However, V is
bounded. According to the method of proof by contradiction,
we have the constraints ||e;(¢)|| < € and ||e2(t)|| < ¢ holding
for V¢ > 0. (iii) We have |le1(t)|| < € from (ii). From the
definition of ej(t), we have X;(t) = e1(t) + X14(t). Then, it
obtains —e + X14(t) < X1(t) < € + X14(¢t), which indicates
X, (t) < Xi(t) < X1(t) where X{(t) = —¢ + X14(¢) and
X, (t) = e+ X14(t). (iv) According to the Definition 5.1, we
have w; — 0 and o0; — 0(j = 1,...,4) as t — co. We have
V<0ast— oo by choosing appropriate design parameters
K4, Ko and P](] =1,.. .,4), X(t) — de(t) and ql(t) — 4.
(v) Since eo = ¢; — v and 1, are bounded, ¢; is also bounded.
Then Z, C, A, A, M,, 75, and 7,,, in (40) are both bounded.
Considering the bounded H and ¢; , we obtain the right hand
side of (40) is bounded. In other words, (K s+ I)e, is bounded.
Then the force error ey is bounded.
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