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Abstract— This paper considers RISE control for two-degree-
of-freedom (2DOF) human lower limb with antagonistic bi-
articular muscles. The antagonistic bi-articular muscles strad-
dle the waist joint and the knee joint in the lower limb. Because
the nonlinear model of the lower limb of the human body is
uncertain, a robust control method is developed yield semi-
global asymptotic tracking. Simulation results indicate that the
torques in joint 2 of the 2DOF lower limb is lower than the
previous method, because of antagonistic bi-articular muscles.
It is verified that the 2DOF lower limb can move to the desired
position in the presence of unmodeled bounded disturbances.

I. INTRODUCTION

Rehabilitation robotics aims at developing novel solutions
for assisted therapy and objective functional assessment of
patients with reduced motor and/or cognitive abilities [1].
In particular, neuro-prostheses to replace motor function
after disease or injury has been a major research area in
rehabilitation engineering [2], [3]. Neuromuscular electrical
stimulation (NMES), which is also called functional electri-
cal stimulation (FES), is one technique employed to generate
desired muscle contractions via electrical stimulus [4].

Models of the human limb can be used to design feedfor-
ward and feedback controllers. T. Schauer et al. [3] proposed
estimated nonlinear models of the electrically stimulated
quadriceps muscle group under nonisometric conditions.
M. Ferrarin et al. [6] developed an adaptive feedforward
controller for a nonlinear dynamic model of the lower limb.
N. Sharma et al. [4], [5] developed a neural network-
based nonlinear NMES tracking controller for a human
limb in the presence of a nonlinear uncertain muscle model
with nonvanishing additive disturbances. In these works, the
human limb is modeled as one degree of rotational freedom
about the knee joint.

Kumamoto et al. model and examine the effect antago-
nistic bi-articular muscles [7]-[9]. Antagonistic bi-articular
muscles act between the waist joint and the knee joint in the
lower limb. If the lower limb is modeled with antagonistic
bi-articular muscles, then lower torques at a each joint are
expected. The motion of the lower limb produced by antag-
onistic bi-articular muscles approaches the human motion in
NMES. Oh et al. considered two-degree-of-freedom(2DOF)
control for robot manipulators with antagonistic bi-articular
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muscles [10], [11]. In these works, the stability analysis
has not been discussed. Passivity-based control and open-
loop control are considered in [12], [13]. However, these
proposed control laws are composed of parameters of the
whole dynamical model of the human upper limb.

In this paper, RISE control for a 2DOF human lower
limb with antagonistic bi-articular muscles is considered. The
lower limb is modeled similar to a 2DOF robot manipulator,
where the number of control inputs is three. The model
is slightly different from previous works [12], [13] in the
coefficient of velocities, however, the developed model is
similar to the model of [10]. Because the model parameters
of the lower limb of the human body cannot be measured
exactly, the robust integral of the sign of the error (RISE)
methods [4], [5], [14], [15] are applied. The proposed RISE
based controller is composed of PID controller, the integral
of the sign of the error, and one of the model parameters. In
the stability analysis, the region of attraction is expanded by
using one of the model parameters in proposed controller.
It is expected that the 2DOF lower limb with antagonistic
bi-articular muscles can be controlled with lower torque at a
joint. The simulation results show that the 2DOF lower limb
with antagonistic bi-articular muscles can move with lower
torques in joint 2. Simulation results verify that the 2DOF
lower limb can move to the desired position in the presence
of unmodeled bounded disturbances.

The organization of this paper is as follows. The problem
formulation and the model are shown in Section 2. In
Section 3, the stability of the 2DOF robot manipulators with
antagonistic bi-articular muscle is presented. In Section 4,
simulation results are indicated. Finally, our conclusions are
presented.

II. PROBLEM FORMULATION

Consider the dynamics of n-link rigid robot manipulators
which can be represented as

M(q)i+C(q,q)q+9(q) + Ty =T, (1)

where M (q) € R™*™ is the positive definite inertia matrix,
and ¢, ¢ and ¢ are the joint angles, velocities, and acceler-
ations, respectively. The vector C(q,¢)¢ € R™ represents
the Coriolis and centrifugal torques, g(q) € R™ is the
gravitational torques, T; € R"™ is a general disturbance
(e.g., unmodeled effects), and 7" € R™ is the control input
[14], [16]. From Fig. 1, when n = 2, terms in the dynamic



equation (1) are
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where Ml = mllgl + mgl% + fl, M2 = %(7’)’@132 + f2)
and R = malilga. Si, C;, S;; and Cy; mean sing;, cos g;,
sin(g; +¢;) and cos(q; +q;) (3, j = 1, 2), respectively. m;,
l;, lg; and I;- are the weight of the link ¢, the length of the
link 7, the distance from the center of the joint ¢ to the center
of the gravity point of the link ¢, and the moment of inertia

about an axis through the center of mass of the link <.

(a) 2DOF robot leg

(b) Human leg model

Fig. 1. (a)2DOF robot leg. (b)Human leg model. Two couples of the
antagonistic mono-articular muscles of f; and ej, and of f2 and ey are
attached to the joints of J; and Ja, respectively. A couple of the antagonistic
bi-articular muscles f3 and es are attached to both joints of J; and Js.
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Fig. 2. Visco-elastic muscle model [8]. Fe;/r;: output force, wue;) p;:
contractile force, k;: coefficient w.r.t. elastic, x;: contracting length, [,:
radius of the joint pulley.

The human leg model can be represented as three pairs of
antagonistic muscles as shown in Fig. 1. In the robot motion

control, the joint torque 1" directly works as the control input.
A couple of bi-articular muscles is connected to both the
attached waist joint and the knee joint in the human leg
model as shown in Fig. 2. The joint torques are indicated as

E:(Fez_Fjl)lp+(FeB_Fj3)lpa (12152)5 (2)

where Fy; and F.; (i = 1,2) indicate the forces by the
flexor muscle and the extensor muscle, respectively in Fig.
2. By using the contractile force of the flexor muscle uy;
and the contractile force of the extensor muscle u.;, Eq. (2)
is derived as follows

T, = (tei—upi)lp — (tei + ufi)kilﬁqi + (ues — us3)ly

_(UBB + ’UJfB)kBl;(Q1 + q2)a (Z = 15 2)5 (3)
where [, and k; are the radius of the joint, coefficient w.r.t.
elastic [7]. Note that the joint torques (3) is close to the

model of [10], although the coefficient b; is utilized in [12],

[13]. The uy; and ue; have the following relation [8]
u’j’L+u’8’L:1) (1215253) (4)

Because only the contractile force of the extensor muscle u¢;
can be controlled by an actuator, uy; = 1 —u; is substituted
into Eq. (3)
T, = (2ues — )l — kil2g;

+(2uez — Dl — k3lp (g1 + g2)

= Ti+7—kilpgi — ksli (g1 + q2), (i=1,2), (5)
where 7; is defined as 7; = (2ue; — 1)I,. We suggest the
antagonistic bi-articular muscles torque as

3 = M (1 + G2) + g(malg2)S1a + ksl(q1 + q2).  (6)

From Egs. (1), (5), (6), the manipulator dynamics with
antagonistic bi-articular muscles which is called the bi-
articular manipulator dynamics [12] as shown in Fig. 1.

My(0)0 + Cy(0,0)0 + go(0) + K,.0 + 74 = T, @)

where the elements of My () € R, Cy(6, ) € R**® and
gp(0) € R3, 75 € R3, 7 € R3, 0 € R3 are derived as follows

My + My +2RCy My + RCy 0
Mb(t?) = Ms + RCy M, 01,
0 0 Mo
. —RS2¢2 —RS2(¢1+q2) 0
Cp(0,0) = | RS2¢1 0 of,
0 0 0
g(malgr +moly)Sy Bt 0 0
g0(0) = 0 VK, =03210 ka 0
g(maly2)S12 0 0 k3
Td1 T1 q1
Tg= |Ta2|, 7= |T2|, 0= @2 |,
Td3 T3 q1 + g2

K, means the matrices w.r.t. elastic. It is assumed that 6(t),
0(t) are measurable and K, is known parameter. M;(6),
Cy(0,0), and ¢,(0) are unknown model, 74 is unmodeled



bounded disturbances. In addition, the bi-articular manipula-
tor dynamics has following property.

Property 1: Under the condition M; + M; > 2R and
M My > R2, the inertia matrix M, (6) preserves the positive
definiteness.

Property 2: The disturbance 74 term and its first two
derivatives are bounded (i.e., 74, 74, T4 € Loo) [4], [5].

For the bi-articular manipulator dynamics (7), the objec-
tive is to converge to the desired position in the presence of
unmodeled bounded disturbances.

ITI. STABILITY oF BI-ARTICULAR MUSCLES

The desired position is defined as 64, the position tracking
error is indicated as

e1=04—06. ¢))

The tracking errors about the velocity, acceleration are de-
fined as eq, 7, respectively

€2 = €1 + ey, T =€ + ageo. ®
From Egs. (8)-(9), the following relationships are derived
(10)
(1D

Substituting Eqs. (10) and (11) into the bi-articular manipu-
lator dynamics (7) yields

= —ex+ 04+ arer,
0=—r + Hd + O[lél —+ gea.

Mb(—T =+ éd + o161 + 01262) =+ Cb(—eg =+ éd =+ 01161)
+g + K0 +T10=1. (12)
Then, Eq. (12) becomes

Myr = h+ K,.0 + Myases — Cpes + 714 — T, (13)
where the nonlinear function h is defined as
h = My(0a+ arér) + Co(0q + arer) + gy (14)
The auxiliary function f; and h are defined as
fa = Myby + Ciba + g, (15)
h=h— fq= Myaié1 + Cpaze;. (16)
The nonlinear function (14) is rewritten as
h= fa+h, a7

and when Eq. (17) is substituted into (13), the bi-articular
manipulator dynamics become

Myr = Myoges — Creg +h+ fa+ K0 +7174— 7. (18)
The derivative of Eq. (18) is given by
1. ~ .
be:—§Mbr+N+Nd—eg+KT9—7'-, (19)

where unmeasurable auxiliary terms N and N are defined
as

1. .
N = —§Mb7" + Mpages + Mpaoés

(20)
3y

—0562 — Cpéo + iL + es + 74,
Ng = fa.

The mean value theorem is applied to upper bound N as

N1 < 2yl iyl (22)
where y(t) € R3 is defined as
T
y=I[e e o], (23)

and the bounding function p (||y||) € R is a positive, globally
invertible, nondecreasing function. From ¢4(¢), ¢a(t), a(t),
q4(t) € Lo are bounded, the known positive constants
(1, (2 € R exist as follows

[Nall < Gy |1Vl < G (24)

Remark 1: While N4 and Nd are pnmeasurable as shown
Eq. (21), it is assumed that Nz and N, are bounded in order
to design a controller’s parameter.

The input torque based on RISE control law is proposed
as follows

T(t) = ksea(t) + K,04(t) + v(t),
I/(t) = ksageg(t) + 6Sgn(€2(t)) + Krozlel (t), (25)

where ks € R, [ € R denote positive constant gains.

Remark 2: The controller (25) is different from a standard
RISE controller used in [5] with respect to the terms K04
and K,aieq(t). Though it is difficult to obtain the correct
parameters of K., adding the terms K,.6; and K, «a1e;(t) is
useful to enlarge the region of attraction.

The derivative of (25) is
7 = ker + fBsgn(es) + Krarer + K04 (26)

Substituting Eq. (26) into Eq. (19), the closed loop system

is
1. ~
Myr = —§Mb7"+ N+ Ng — ey
—K,eq — ker — Bsgn(es). 27

The domain D € R3"*! containing ®(¢) = 0 is defined,
where ®(t) is defined as

T
o(t)=[yT(t) VP®)] . (28)
where P satisfies the following property as [5]
P = —r" (Ny — Bsgn(ez)) , (29)

P(0) = BZ |e2i(0)] — e2(0)" Na(0). (30

Then, the main result of this paper is stated.

Theorem 1: Consider the system described by the bi-
articular manipulator dynamics (18) and control law (25). It
is assumed that all system signals are bounded. The position
tracking errors are regulated in the sense that

lealls llezlls [l =0 as ¢ — oo, 3D
for the region of attraction D
D= {<I> € R3"T||®| < p*1\/2)\3k5} , (32)



where p is defined in Eq. (22)

2)\7,“'"(0[1) — 1
)\min(QQ) + )\mln(Kr) -1

1
ks

(33)

A3 = min

The gain k; is designed sufficiently large, and (3 is selected
according to the following condition

1
4
B>+ )\mm(OQ)CQ’ (34
and o, ao are selected as
1
)\min(al) > )\min(QQ) > 1- )\mzn(KT); (35)

55
where A, (-) is minimum eigenvalue, and p > 0 depends
on unmeasurable uncertainties.

Proof: A continuously differentiable positive definite
function for the system is proposed

1 1
Vi (®,t) =eTe, + 565 (I4+K,)es + 5rTMbr + P. (36)

The time derivative of the function (36) along the trajec-
tories (27) is obtained as follows

Vi (®,t) = 2ef(ea — ajer) + el (r — ages)

1. .
+rT {—§Mbr + N+ Ng—ex— Kyeo

)

1 .. .
+§TTM5T + P+ eQTKT(T — agen)

= 261T62 — 261Ta161 — 62Ta262 +rIN
+rT' Ny — 7T kgr — TTﬂsgn(eg) +P

—el' K azes. (37)
The dynamics (29) is substituted into (37)
Vi(®,t) = 2eFes —2eTare; — el (I + K, )ages
+rTN — rTkgr. (38)

By using k; is scalar, the following relation is satisfied from
(22)

2ef ex < |ler]|” + [le2], (39)

the function (38) is given by

VL((I)a t) S

lex]|” + [le2]|® — 2¢f ares
—el (I + K,)ages +rTN — kg||7||%. (40)

The following properties are satisfied
et arer > Amin(a1)|e1]|” (41)
€2T(I+ Kr)a2€2 Z ()\mln(O@) + )\mln(Kr)) H€2H2; (42)

and the relation is also derived satisfied from Eq. (22) as
follows

PN < o (yl) 7 yll- (43)

The function (40) is can be described as follows

Ve(@,8) < lel® + lleall® = 2Amin(ar)lea]®
= (Amin(@2) + Amin (K7)) H€2H2
+p (ly) Iyl = ks[>

— (2Amin(e1) = 1) flea?

- ()‘min(O@) + )‘min(Kr) - 1) H€2H2

1 1
— gl = (gl = ol Il
(44)

IN

By using the completing square, the following relation is
obtained

1
SElr I = p () 17l
1 P ’ Lp? o
S GRS

From the relation (45), the function (44) is translated into

Vi(®,1) < —(2\min(ar) = 1) [lea]?
= (Mmin(a2) + Apin (Kr) — 1) H€2H2
1 o 1p* o

— 5kl + 5 -l
< hlyl + Ly
- 2k,
< -U(®), (46)

where A3 is defined as
2)\7,“'"(0[1) — 1
)\3 = min )\mln (052) + )\mln (Kr) -1 5 (47)

1
ks

and U(®) is a continuous semi-positive function, which is
defined as follows for some positive constant ¢

U(®) = clly|*. (48)
Note that U(®) is valid for the region of attraction D
D={®ec R*"||®] < p~'V2Asks} . (49)
Then, the following relation is satisfied
clly(®)|? =0, t— o0, Vy(0)€D. (50)

Therefore, e, eo, r satisfy the following condition [17]

lex @I, lle2@I, [l =0,  — oo. S

O

Remark 3: The norms of Ny and Nd are bounded and
unmeasurable in Eq. (24). Thus, the gain [ should be
designed to be large along the relation Eq. (34).

Remark 4: In the nonlinear function Eq. (14), if K,.0 is
added as follows

h = Mb(éd + agéy) + Cb(éd +arerl) + gy + K0, (52)



then, Eq. (47) becomes

2>\m1n (al) -1
>\min (042) -1

1
ks

(53)

A3 = min

by using the previous work [5]. Therefore, the region of
attraction D by Eq. (47) obtained from our proposed method
can be larger than one by Eq. (53) obtained from the previous
work [5].

IV. SIMULATION

In this section, the performance of the proposed control
law in section 3 is verified. The model parameters are given
as my = 7.0 [kg], ma = 4.0 [kgl, {1 = 0.4 [m], [ = 0.5
[m], lyn = 11/2 [m], ly2 = l2/2 [m], I; = 0.093 [kg - m?],
I, = 0.083 [kg-m?], I, = 0.08 [m], k1 = 4688 [N/m)],
ko = 3125 [N/m)], k3 = 6250 [N/m]. The control parameters
are designed

5 0 0 5 0 0
ar=10 5 0, a,=1{0 5 0f,

00 5 00 5
ks =20, B=1. (54)

The initial conditions are given as ¢1(0) = 0 [rad], g2(0) = 0
[rad], ¢1(0) = O [rad/s], ¢2(0) = O [rad/s] and the constraint
of go is —m < g2 < 0 [rad], because the limitation of the
lower limb. The references are selected as qq41 = % [rad],
@42 = —7% [rad]. The simulation results are obtained by using
MATLAB.

Figs. 3-4 show the step responses without disturbance
74 where the solid line and dashed line represents the
bi-articular manipulator dynamics (7) and the manipulator
dynamics (1), respectively. From the results, it is derived
that 6 = 6, (¢t — oo) is achieved and errors eq, ez and r
converge to zero. Though the input torque 7; is larger than
input torque 71, the input torque 72 is smaller than input
torque 7. To flex the knee joint .J», the input torque 73
by the bi-articular muscle f; works instead of 7. Fig. 5
indicates that the function V7, shown in Eq. (36) is positive
definite function.

q1 [rad]
(=)
.

0 0.5 1 1.5 2 2.5 3 3.5 4

=
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Fig. 3. TrS)tep responses of joint angles without disturbance (¢q; = %,
qd2 = — 3
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Fig. 5. Positive definite function (36) without disturbance

Second, the step responses with the unmodeled dynamics
are verified in Figs. 6-7 where the solid line and dashed
line show the response without disturbances and the response
with disturbances, respectively. It is assumed that a distur-
bance 74 is muscle contraction model [7] as

74 = B, (55)
where
300 O 0
B, =003x | 0 200 O (56)
0 0 400

Note that the muscle contraction model have already been
shown in previous research [3], [7]. Because the purpose of
simulations is disturbance attenuation by the proposed RISE
controller, it is assumed that BTH' is an unmodeled dynamics.

Fig. 6 shows the RISE control for the bi-articular ma-
nipulator dynamics (7), the responses of the passivity-based
control [12] are indicated in Fig. 7. The transient property
of RISE control is the same as no disturbance response. On
the other hand, in the passivity-based control, the transient
properties are different from no disturbance responses. Fig.
8 also indicates the trajectories with disturbances. The RISE
control can raise a lower limb without swinging of the ankle.
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Fig. 6. Step responses of joint angles with disturbances by using proposed
controller

q1 [rad]

q2 [rad]

" "

0o 2 4 6 8 10 12 14 16 18 20

" " " "

| -
)

time [s]

Fig. 7. Step responses with disturbances by using passivity-based controller

V. CONCLUSIONS

This paper considered RISE based 2DOF robot manip-
ulators with antagonistic bi-articular muscles. The lower
limb which is modeled by using the model of 2DOF robot
manipulators was considered where the number of control
inputs is three. The RISE methods was applied, because
the unmodeled disturbances of the lower limb of the human
body exist. The stability analysis was indicated by using the
proposed controller. It was shown that the errors converge to
zero. The simulation result indicated that the errors converge
to zero, the high torque at the joint 2 is not needed by using
antagonistic bi-articular muscles, and the RISE control can
move to the desired position in the presence of additive
disturbances. In the future works, we would like to verify
the fatigue by using the antagonistic bi-articular muscles in
experiments.
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