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Development of Two-Degree-of-Freedom Control for Robot Manipulator
with Biarticular Muscle Torque

Sehoon Oh and Yoichi Hori

Abstract— This paper suggests control algorithm for a robot
manipulator which has biarticular muscle torque input in
addition to the conventional two monoarticular muscle torques.
Using a modified Jacobian matrix which is based on the absolute
angle of two joints, we derive simple relationship between an
endpoint force/position and three muscle torques. Based on
this relationship a feedback controller is developed to design
endpoint stiffness. The proposed control realizes the endpoint
stiffness with arbitrary major axis, minor axis, and tilt angle
with simple gain decision. As for the feedforward control, the
dynamics of three muscles torque are derived and used as
inverse dynamics in the control. It is found that with this
biarticular muscle torque, the inertia matrix can be decoupled
and has only diagonal elements. Simulation result shows the
effectiveness of the proposed control.

I. INTRODUCTION

Development of a robot manipulator that mimics hu-
man musculo-skeletal system and analysis of human mus-
cle system have been researched for more than several
years. Some researches focus on the measurement of human
impedance/stiffness characteristic [1],[2],[3], others focus on
the relationship between the stiffness and actual muscle
[41.[5].

However, there has been a big distance between these
analysis of human muscle system and its application to the
control of robot manipulators [6],[7],[8]. This paper develops
an analysis methodology and control algorithm that will
connect these two systems.

In Section II, the absolute angle Jacobian matrix is
shown to be efficient to define the relationship between
position/force at the endpoint and three muscle torques. In
Section III, the dynamics for three muscles are derived based
on the manipulator dynamics. Taking consideration of these
two analyses and the characteristic of the pair of muscles,
two-degree-of-freedom control is designed for a manipulator
with biarticular muscle. Simulation result in Section IV
verifies the effectiveness of the proposal.

II. MODIFICATION OF JACOBIAN MATRIX BASED ON
BIARTICULAR MUSCLE MODEL

Figure 1 is the configuration of a two degree-of-freedom
planar robot manipulator. In order to control the position of
the end-effector, the relation between small changes in the
position of end-effector and joint angles needs to be defined
using the Jacobian matrix described in Equation (1).

Using this Jacobian, the balance between the force ap-
plied on the end-effector and the joint torques also can be
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Fig. 1. Configuration of Two Degree-of-freedom Planar Manipulator

described based on the virtual work principle. Equation (2)
is the relationship between the force F'. on the end-effector
in Figure 1 and the joint torques (77,77); the force F'. in
Figure 1 is described as F. = (f., f,)T.
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A. Jacobian Matrix based on Biarticular Muscle Model

Now, the configuration of a novel manipulator illustrated
in Figure 2 is taken into consideration. Biarticular muscle
which produces linear force F},, that leads to a torque 73" in
two joints is included in this configuration.

Fig. 2. Configuration of Two Degree-of-freedom Planar Manipulator with
Biarticular Muscle

Actual muscle model has pairs of flexor and extensor
muscles; each muscle has its own tension so that two muscles
work as a agonistic/antagonistic system. Since the difference
between tensions of flexor and extensor muscles work as a

325



torque at a joint, the outputs of muscles are considered as
torques in this paper. 7{"*, 75" are the torques generated by
monoarticular muscles of two joints, and 73" is the torque
generated by a biarticular muscle tension F},,. There also is
the sum mode in a pair of tensions generated by flexor and
extensor muscles. It is true that this conversion to torque
cannot reflect this sum mode. The sum mode, however, will
be reflected in the feedback control design in the following
sections.

The torques generated by these two monoarticular muscles
and one biarticular muscle can be projected into the joint
torques illustrated in Figure 1. Equation (3) is the relation-

ship. .
(D)-(315) o
3 2 T3
Note that the torque by the biarticular muscle is added to
two joints at the same time.

In order to develop the relationship between the force at
the end-effector and the muscle torques, the Jacobian needs
to be modified. To this end, we use the relationship between
74" and the absolute angle 0; the absolute angle 012 = 61+
05 in Figure 2 can be defined as the output of the biarticular
muscle. The point that 73" affects both joints supports this
definition, and the dynamics of 73" derived in the following
sections also shows this output definition is appropriate.

B. Relationship between Joint/Biarticular Torque and End-
point Force
The joint torques related to the end-effector force F is
distributed to 7", 75", 73" in this section. Equation (2) can
be divided into two parts like the following equation.
JT<f@ ):(—ll Sin@lfx—Fll COSGlfy> (4)
fy 0
—I5 sin ngfgu + 15 cos ngfy
7l2 sin algfx + l2 [¢0)] 912fy
Considering this, three muscle torques 71", 75", 73" which
cope with the external force F, can be defined as follows.
—lysinby fp +licosOify, " = 0 (5)
Tén = 7[2 sin 612f.’c + 12 COS 912fy (6)

m __
T =

The muscle torques 7", 73", 75" cannot be decided
uniquely from the joint torques 77,73. If, however, we
remove 745" intentionally, the relationship can be simplified
and it will provide a new relationship between F, and muscle
torques as the following equation.

(5)-( ) ()
() (5) o

where J,s stands for the absolute angle Jacobian described
as the following equation.

o —ll sin (91 —l2 sin 912 o 1 0
Jabs = ( licosfi  lpcosbis ) =J ( -1 1 ) ®)

We found that, with the biarticular muscle, the kinematics
can be described by the absolute Jacobian and since the Jgps
is fit for rotation transformation, the relationship between F'.
and 71", 75", 73" can be more simplified when F'. are given
as Fo = (Fcosfy, Fsinfy).

™\ r( Fcosbp\ [ Flysin(6;—61)
<r§n> ~(Jabs) (Fsinef =\ Flysin(0;-015) ) ©
Equation (9) is the equation which relates 7/, 73" to the
characteristics of the external forces: F' and ¢y. With the
biarticular muscle torque coordinate, the endpoint force can

be designed in a more simple way; two muscle torques are
just two functions of 6f,6;, 612 and F.

III. TwWo DEGREE OF FREEDOM CONTROL FOR
BIARTICULAR MUSCLE MODEL MANIPULATOR

As mentioned previously, there is the sum mode in a
muscle pair of flexor and extensor. This section proposes
a control design which can realize the difference mode and
sum mode of a muscle pair in a robot manipulator, and an
impedance control based on a biarticular muscle is suggested.

A. Two Degree of Freedom Control Corresponding to Two
Modes of Muscle Pair

Fig. 3. Two-Joint Manipulator with Muscle Model

Figure 3 shows the 3 pairs of muscles: flexors and ex-
tensors of two monoarticular muscles and one biarticular
muscle. Tension of each flexor and extensor is described as
f in this figure. The tensions of flexors and extensors are
widely modeled as

ff=uf — Kufro, f¢ = u® + Kuré, (10)

where u is the contractile force [11]. The sign of the
second term changes with regard to the direction a muscle
is attached. This tension is reflected to the joint torques as

T =ri(ff = £5) +ri(F = £5) (1
= ry(u] —uf) + ri(uf — u§)— Kiri(uf +uf)6
—Kgrl(ug + u§)6,
T = ra(ff — £5) +ra( £ — £5) (12)
= ro(ul —u§) + ra(uf — u§)— Kora(uf + u$)0;
—Kg’l"g(ug + u$)bs,
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where 7; is the radius of the joint . In Equations (11)
and (12), the first two terms are the difference mode which
generates torques to rotate the joints, while the last two terms
are the sum mode that is related to the stiffness around the
joints.
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Fig. 4.

Tlustration of Muscle Input System in a Joint

Figure 4 is the illustration of these roles of two modes in
muscle torque; the difference mode working as a torque and
the sum mode which adjusts the stiffness.

The virtual trajectory control, which uses the equilibrium
point to control the joint angle, also can be represented
in this figure. 677 is the equilibrium point in the virtual
trajectory algorithm to control the angle §.With this designed
equilibrium angle 67¢f and the designed stiffness K, the
angle will converge to #7¢7; this is the virtual mode algorithm
[9], [10].

Figure 4 provides another insight to the muscle torque
input; the difference mode works as feedforward torque input
and the sum mode works as feedback gain design, so-called
two degree of freedom control. With this new insight, we
can recognize that the previous research on muscle driving
system focuses more on the feedback characteristics than
feedforward characteristics.
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Fig. 5. Feedforward Control for the Difference Mode

For this feedforward torque input design, we suggest
an algorithm in Figure 5. Inverse dynamics is adopted to
increase the tracking performance. This is old technology
in the manipulator control; there have been a number of
feedforward controls such as computed torque method so that
the suggestion is not new as a control method of manipulator.
However this is a new concept as a muscle torque input
design. Moreover, we find out that the inverse dynamics can
be simplified by diagonalizing the inertia matrix when the
biarticular muscle is adopted.

B. Dynamics of Manipulator with Biarticular Muscle Torque
Input

Equation (13) shows the dynamics of a robot manipulator,
where g is the acceleration of gravity, d; is the distance from

the center of a joint ¢ to the center of the gravity point of the
link ¢, m; is the weight of the link i, J; = midi2 + I;, and
I; is the moment of inertia about an axis through the center
of mass of link <.
J1+J2+mgl%+2mglld2 cos By Jo+molids cos By él
JQ + m2l1d2 COS 92 JQ éQ
+ —mglldg sin 92 (0% + 29192)
mglldg sin 929%
n <g(m1d1 “+mgly) cos 01+gmads cos(0y —1—92))

gmads cos(01 + 62)
(T
=\

Taking the relationship of Equation (3) into consideration,
the dynamics of three muscle torques can be derived. We
suggest that the dynamics of the biarticular muscle torque is
defined as

Tén —

(JQ +TTL2l1d2 COos 92)(91 +92) —mzlldz sin 92 (9%-’-29192)
+gm2d2 008(61 + 92) (14)

13)

With this dynamics definition, the dynamics for two monoar-
ticular muscle torque is made independent with each other
as the following equations.

7" = (Jy+mali+malydy cos 92)91 + g(my1di+maly) cos 0,
(15)

7_2m = —malids COSQQéz + moalids sin02(91+92)2 (16)

Focusing only on the inertia force terms, we can find that
the inertia for each torque is defined without any co-relation
with other torques in this dynamics, which means the newly-
defined inertia matrix M;, is diagonalized as Equation (17).

Mo = 17)
J1+m2l%+m2l1d2 cos 02 0 0
0 —mealids cos 02 0
0 0 Jo+molids cos 02

Note that the last line of the matrix corresponds to the
relationship between the torque 73" and the angle 65, as we
stated previously the angle 615 is the output of the torque 73".
Although the dynamics of 71", 75", 73" cannot be determined
uniquely, the proposed dynamics can be quite efficient in
decoupling the co-relation of joint torques.

We propose to use this dynamics as the inverse dynamics
for the feedforward control of each muscle torque so that it
can be designed independently. Equations (18) to (20) are the
designed feedforward control input for three muscle torques.

I = (18)
(J1+mpl3+mylids cos Gg)é;ef—i—g(mldl +mealy) cos 0,

I = (19)
—melyds cos Hgégef + malids sin 02(91 +92)2

I = (20)

(JQ +m211d2 [¢0)S] Hg)egf —m2l1d2 sin 02 (9% +29192)
+gmads cos 012
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For the disturbance terms, there may be other distribution
to /7 7 dF 7m-IT The proposed feedforward control
focuses on decoupling of disturbance; 7" 77 deals with the
gravity due to 61, TZm'f " deals with the Coriolis force, and

disturbance terms assigned on 74" /7 enables this decoupling.

C. Gain Design to Make Arbitrary Endpoint Stiffness

The proposed inverse dynamics will be used for the
difference mode of the muscle forces, and as for the design
of the sum mode, this section proposes an algorithm to
determine the feedback gain K in Figure 5.

The velocity feedback PID control is identified with the
impedance force control [12]. The impedance or stiffness
control explored in the muscle model researches uses this
point as well; with the adjustment of muscle stiffness or
position gain in Figure 5, the impedance at the end-effector
can be controlled.

With the proposed feedforward position control, this
impedance control by feedback gain decision can achieve an
excellent hybrid control: feedforward control for a position
control and feedback control for force control.

As this feedback force control design, we develop a
stiffness ellipse control by determining an appropriate gain
of K for muscles. Equation (21) is the stiffness ellipse at the

endpoint we want to realize.
( fe > _ ( kicosf, —kqisinf, ) < Az > @
f; kosinf, kocosb, Ay

When the force F© = (f, f;) is applied to the endpoint,
the position of the endpoint will change as much as (Ax, Ay)
with this stiffness ellipse design. The tuning parameters in
this stiffness ellipse design are k1, k2, the major axis and the
minor axis, and 6., the tilt angle of the ellipse.

The discussion in Section II-A reveals the relationship
between this stiffness ellipse and the elasticity, i.e. , the po-
sition gain of muscle torques. As with the torque conversion
in Section II-A, we design the torque 75" as 0 to make
the relationship simple, which simplifies the relationship
between the stiffness ellipse matrix in Equation (21) and the

gain matrix in Equation (22).

I\ (Kb Kb AG

Tgn.fb nga Kina A912

In order to derive this gain, F© = (fy, f,) and (Az, Ay)

are converted to 71", 75", 74" and Af;, Af;5 using the abso-
lute angle Jacobian J,;s. Putting the stiffness ellipse in the
workspace in Equation (21) as a matrix K ,,; and using the
relationship of Equation (7),the relationship in Equation (22)
is represented as follows.

m.fb
’7'1 T A91
=J Kws Ja s
() st 1)
Here we assumed the deviation in the position (Az, Ay)T
can be approximated as J 455 (A01, Af15)T, which means the
amount of deviation is small.

One interesting point is that if we divide the workspace
stiffness matrix K, into an axis matrix and a rotation

(22)

(23)

matrix in Equation (24), the rotation angle 8, can be included
in the Jacobian J ,ps.

Kws']abs
(ki O cosfl, —sinf, \[—Il1sinf; —Ilysinfqo
"\ 0 ko /\sinfO, cos0, licosfy lycosbia
_ ]{11 0 711 Sin(91 + 96) 712 sin(¢912 + 96) (24)
- 0 kQ ll COS(Ql + 95) ZQ COS(012 + 95)

This rotation in the absolute angle Jacobian results in the
following gain decision.

KY= 1%k sinf;sin(01+ 0, )+ kacosbicos(01 +6,))  (25)
Kb519= 1, 1y(k1sinfsin (0 9+0c)+ kacosb cos(B1246,)) (26)
K= 1, 1y(k1sinf9sin (614 0+ kacosfiacos (61 +6,) ) (27)
Kfii“: l%(klsinﬁlgsin(Glg—l—Ge) + kocosbi2cos(b12+6.) (28)

This is the proposed gain decision to achieve the stiffness
characteristics at the end-effector. If kq, ks, 0. are specified
the gains to realize the stiffness ellipse are determined as
above.

Note that the non-diagonal matrix elements K5, K% are
not zero in this gain, which means muscle torques 7", 73"
need the angle information of other torque output in order
to make the arbitrary stiffness ellipse at the endpoint.

Muscles are said to do a local feedback for its stiffness
control; this sharing of the angle information is impossible.
To represent this restriction, Equation (29) can be used. This
kind of algebraic restriction will result in the directivity of
force output at the endpoint in actual muscle.

k1sinfysin(01246.)+ kocost cos(612+6.)
= kysinf;98in(01+ 0+ kocosbiacos(61+6.) = 0 (29)

To derive more simple condition for this restriction and
its comparison with the actual human muscle activity is to
be researched.

IV. SIMULATION RESULT

Performance of the proposed muscle torque control is
validated by simulations. The proposed control has two
degrees of freedom: feedforward control using the proposed
inverse dynamics, feedback control using the proposed gain
decision algorithm. Equations (18) to (20) are feedforward
control input and Equation (23) is feedback control input. For
75", we only use a feedforward control to keep the stiffness
ellipse.

Simulation is performed on a planar manipulator, and
the effect of the gravity is ignored. For this reason, the
feedforward compensation for the gravity in Equation (18)
and (20) are removed.

Figure 6 is the block diagram of simulation. Red line
represents the feedforward control, and blue line represents
the feedback control. Connection without any sign means
the signals are added. Three muscle torques are projected
to two joint torque based on Equation (3) and applied to
a planar manipulator. Inverse dynamics.l to 3 adopt the
inverse dynamics in Equations (18) to (20). K bia is the gain
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Fig. 6. Control Block Diagram for Simulation

we designed in Equations (25) to (28). In addition to the
feedback position gain, the velocity of 91, 912 is fed back to
increase damping. The damping gains are set as double of
the gain Ky;q.

In order to validate the fundamental property of the
proposed method, no modeling error is considered in this
simulation.

A. Tracking Performance by Feedforward Control

First, a sinusoidal wave is added as a reference angle of
0;. The frequency of the wave will show the performance
of reference tracking. 1Hz and 5Hz waves are added. Initial
angles of 0 and 6 is 60 = 0,09 = . Figure 7.8 are the
results of #;. With high frequency reference, there come

1.5
1k
0.5 J
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£ o
<
-0.5 H
—1F -
15 ‘ ‘ ‘ ‘
0 1 2 3 4 5
Time (sec)
Fig. 7. Tracking Performance of 6; with 1Hz wave
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---6

i

1

Fig. 8. Tracking Performance of 61 with 5SHz wave

some errors due to the low pass filter in differentiation in
the feedforward control.

In actual manipulator control, this kind of time delay
is not a problem since the trajectory is designed in a
more detailed way. Modeling errors, however, produce these
tracking errors. In any case, activated by these errors, the
second link also becomes to have errors. Although 7 rad is
set as a reference angle of 65, the actual angle shows the
errors in Figures 9 to 10. These errors in 61, 65 will be

o787 ' : ’ ‘ B

0.76 q

92 (rad)

0.74 4

(o] 2 4 6 8 10
Time (sec)

Fig. 9. Tracking Performance of 62 with 1Hz wave

o] 1 2 3 4 5
Time (sec)

Fig. 10. Tracking Performance of 62 with SHz wave

changed according to the gain K% design.

B. Stiffness Characteristic by Feedback Control

Here, the stiffness characteristic by the proposed feedback
control is validated. We will check whether the stiffness in
Equation (21) is achieved by the feedback control. Forces
(fg, fi) will be applied to the end-effector from various
direction, and the derivation of the position (Ax,Ay) is
measured. If the relationship between applied (fg, f;/) and
measured (Az, Ay) is close to Equation (21), the proposed
control is proved to be efficient.

Two kinds of (Az, Ay) are compared: one is measured
(Azg, Ays) and the other (Ax.,Ay.) is the values calcu-
lated from Equation (21). Simulations are done changing the
angle 0. and the initial angle of #5. k1 and ko are set to 10
and 1. The amplitude of the external force F' is set constant
as |F.| = 0.1, with the angle 6 in Figure 2 changing. Table
I is the simulation result.

The results shows that the stiffness characteristics per-
formed by the proposed feedback control fits well with
the stiffness specification given by Equation (21). The
errors are caused by the approximation (Az,Ay)T =~
Jabs(A01, AB15)T we used to derive the gain.
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TABLE I
COMPARISON OF (Az, Ay)

Condition Comparison of Values
Az = 0.0091, Ays = 0.0019
0 _ o _ _ s y AYs
O =5:0c=00r=0 || A0 — 001 Ay = 0.0
Azs = 0.0043, Ays = 0.403
0_m — I s s AYs
0 =1:0=0.0r =5 || Ay —0.0087, Aye = 0.050
Azs = —0.0042, Ays = 0.0750
0_ = _ _ s y AYs
02 =15:0c=0.0r =35 || Ay —0.005, Ay, = 0.0866
Azs = —0.0115, Ays = 0.0940
0_ =w _ _m s » AYs
O ="71:0e=0.0r =3 | A%, —0.0000, Ay — 0.1000
Azs = 0.0078, Ays = —0.0055
0_ = _ — s y RAYs
02 =7:0e=75.07=0 Az, = 0.0087, Ay, = —0.0050
W_1p _ng _n | Azs=00I9L Ay, =0.0286
27 17T 6T % Aze = 0.0325, Ay, = 0.0390
W_1p _ng _n | Azs=00213 Ay, =0.0565
2= 17T 6 f T3 Az, = 0.0476, Ay, = 0.0725
W _1ng —xg _n | Azs=00196 Ay, =0.0736
2= 17T 60U T 2 Az, = 0.0500, Ay, = 0.0866
Azs = 0.0053, Ays = —0.0083
0_ =w _ 7 _ s s AYs
O =10 =307 =0 |1 A0 _ 00050, Aye = —0.0087
O—m g — g, Azxs = 0.0301, Ays = 0.0121
2= 107 = 39T % Az, = 0.0476, Ay, = 0.0175
W_zp _ng _nx | Ozs=00402 Ay, =0.0270
27 @l T 3l T Axe = 0.0775, Ay = 0.0390
W_1p _ng _n | Azs=00422 Ay, =0.0350
2= Ve T YT 2 Az = 0.0866, Ay. = 0.0500
Azs = 0.0100, Ays = —0.0002
0 _ m _ _ s y AYs
O =500 =0,0r=0 || A0"— 00100, Aye = 0.0000
Azs = 0.0064, Ays = 0.0407
0_ = — i s y AYs
03 =35:0e=0,0r =5 || Az =0.0087. Ay, = 0.0500
Azs = —0.0023Ays = 0.0752
0_m — _ s Ys
02 =35:0e=0.0r =5 || Az —0.0050, Ay, = 0.0866
Azs = —0.0117, Ay; = 0.0962
0_ =m _ _m s » AYs
02 =3:0e=0.0r =3 | A%, —0.0000, Aye — 0.1000
Azs = 0.0091, Ays = —0.0042
0_=m _ — s s AYs
O3 =35:0e=75:07=0 |1 A0 — 00087, Ay, = —0.0050
W _zp _ng _nx | Ozs=00270,Ay, =0.0315
2= 27T 6 "f T % Az, = 0.0325, Ay, = 0.0390
W_1p —ng _n | Azs=00365Ay, = 0.0476
2= 207 T 6 Yf T3 Az = 0.0476, Ay. = 0.0725
W_1ng _xg _n | Azs=00382 Ay, = 0.0810
2= 2T VT 2 Az = 0.0500, Ay, = 0.0866
Azs = 0.0066, Ays = —0.0078
0_mpg _m - s » RYs
O =3,0e =307 =0 || A0 00050, Aye = —0.0087
W_1p _ng _n | Azs=00436 Ay, =0.0132
2= 27T 3 f T % Az, = 0.0476, Ay, = 0.0175
W_ng —xg _n || Bzs=00694 Ay, =0.0297
2= 207 = 30 T3 Az, = 0.0775, Ay, = 0.0390
W_1p _ng _n | Azs=00800,Ay, = 0.0400
2= 207 T 3 Uf T2 Az = 0.0866, Ay. = 0.0500

V. CONCLUSIONS AND FUTURE WORKS
A. Conclusions

This paper proposed a feedforward control and feedback
control for a manipulator which has a biarticular muscle
torque. For this development, we showed that the absolute
angle Jacobian matrix is efficient in deriving the relationship
between the position/force at the endpoint and the three
muscle torques.

We also focused on two modes of agonistic/antagonistic
muscles: the sum mode and the difference mode in a pair
of muscles, and developed a feedforward control for the
difference mode and a feedback control for the sum mode.
We derived inverse dynamics for three muscle torques and

used it for the feedforward control of three muscle torques.
The proposed dynamics has a diagonalized inertia matrix; the
biarticular muscle decouples the conventional inertia matrix.

As for the feedback control, a methodology to determine
the gain based on the stiffness ellipse at the workspace was
suggested. Simulation result verified the performance of the
proposed control design: fast position tracking and stiffness
ellipse characteristics were achieved successfully.

B. Future Works

The proposed control design still needs angle information
of other joint, and thus it requires some modification to
be independent control of muscles; the diagonalized inertia
matrix still has the angle 65 in all elements, which can be
solved if 6 is given in a feedforward way, not feedback from
the real angle. Restriction of the stiffness ellipse specification
in Equation (21) is necessary for the independent control.
Equation (29) can be a hint to this restriction.

The proposed control does not include a feedback control
of 73". If we can design a feedback control that is quite robust
to external forces such as the disturbance observer, the errors
of A5 in Figure 9 and 10 can be attenuated. Development a
robot that has a biarticular muscle torque and experiment
using the robot is our future work.
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