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Abstract

Realization of mechanical softness is an impor-
tant issue for a safe and adaptive control of robots
in the real world. However, because the robot also
requires stiffness for task execution, the simulta-
neous realization of softness and stiffness is neces-
sary. In this paper, we design a nonlinear passive
stiffness using closed kinematic chain. Because
the proposed mechanism utilizes linear spring and
nonlinearity of the closed kinematic chain, we can
easily design the nonlinearity of the stiffness by
changing the link parameters of members. The
proposed mechanism is used for the leg of a robot
and the mechanical parameters (length of mem-
bers) are optimized so that the impact force on
landing is reduced. The effectiveness of the pro-
posed mechanism and optimization method are
evaluated by simulations.

1 Introduction

Mechanical softness of robot members and/or
joints is an important issue for safety and adapta-
tion to its environments points of view in the real
world. As shown in figure 1, the softness absorbs

Figure 1: Impact absorption with elastic joints
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the impact force in the collision with humans and
prevents from a breakage by itself. From this con-
sideration, some researchers have developed the
softness of robots so far, which are widely classi-
fied into the following three categories.

(1) Active compliance / impedance con-
trol realizes a virtual spring and damping by a
torque and force control of actuators [1]~[5]. This
method is effective because an arbitrary charac-
teristic of compliance or viscosity will be real-
ized, however, does not deal with the instanta-
neous impact force because of the latency of the
closed loop bandwidth of control. Moreover, the
controller will be complicate and sometimes un-
stabilizes the robot system (appropriate control
parametrs are required).

(2) Passive compliance is realized by mechani-
cal softness. This method has high reliability and
robustness, however, low adaptability becase its
complaint characteristic is fixed and limited. To
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Figure 2: Nonlinear spring

overcome this problem, nonlinearity of the stiff-
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ness is introduced. For example, we have devel-
oped a nonlinear elastic link as shown in figure
2-(a) [6] and a torque transmissioin mechanism
using singulality of the closed kinematic chain as
shown in figure 2-(b) [7]. These mechanisms real-
ize high nonlinearity of stiffness but small designe
ability, because the nonlinearity is based on the
inherent characteristics of mechanism.

(3) Programmable passive compliance[8] is
realized by the additional actuators that change
the stiffness of material. For example, a tendon
mechanism with nonlinear spring[9] cosmists of
two redundant actuators that change the inter-
nal force of springs. Morita et.al. developed Me-
chanical Impedance Adjuster (MIA)[10]. These
mechanisms realize an arbitrary compliance how-
ever the additional actuator occupies volume and
weight of the robot.

In this paper, we focus on (2) Passive compli-
ance with high design ability using a simple closed
kinematic chain, and a leg mechanism is designed
to absorb the impact force on landing motion.
The closed kinametic chain consists of four-bar
link, and based on the given output force charac-
teristic the link parameters are optimized using
the mechanical synthesis method.

2 Nonlinear stiffness mecha-
nism with four-bar link

2.1 Designed mechanism

Figure 3 shows the designed mechanism to ab-
sorb the impact force. The leg mechanism con-
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Figure 3: Designed mechanism with four-bar link

sists of two parallelograms that are coupled with
3D kinematic chain (Mechanism g in figure 3) and
yields the vertical motion of foot link (link e — f)
as shown in figure 4. ¢; (i = 1 ~ 4,{) mean the
length of members, 6; (i = 0 ~ 4) mean the rota-
tion angle of joints. r is the length of one side of
a triangular link and ¢, is one angle. 1y is con-
stant, T — R is a linear spring and (zg, yg) is the
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Figure 4: Motion of the leg mechanism

position of root of spring with its origin at point
A. In the initial position 8y = 0 and 6; = ¢, are
satisfied, and the spring becomes natural length
Lo which is calculated as;

Lo = \/(zr0 — 2r)? + (y10 — YR)? (1)
xro = £1c08P1 + 1 cos(¢py + b0 — d2)  (2)
yro = L1sin g1 + rsin(¢y + 00 — ¢2)  (3)

where 6y is obtained by the closed kinematic con-
straints;

4
> 0 =2n (4)
, 171
Zéicos‘.z&j =0 (5)
i=1 j=1
4 i
> lisind 0; =0 (6)
i=1 j=1

that form the four-bar link at 61 = 619 = ¢1. yeo
is an initial value of the leg length and calculated
by;

Yoo = —25@ sin ’l[)() (7)

The motion of this mechanism is shown in figure
5. The change of y, yields the rotation of 6y and
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Figure 5: Motion of the designed mechanism

it causes the rotation of 6; by the timing belt with
its gear ratio 1:n. Because of the nonlinearity of
the four-bar link, the length of the spring changes
with high nonlinearity, which causes the nonlinear
ground force of this mechanism.
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2.2 Ground force calculation

According to the change of y,, the length of the
spring is changed and this mechanism yields the
ground force F'. In the following, F' is calculated.
From the kinematics of the leg mechanism, 6 is
calculated as;

0() = '([)0 — sin_l (2y—£;> (8)
The length of the spring L is caliculated by;
L=+/(zr —xr)? + (yr — yr)? 9)
xp = {1 cosby + rcos(by + 02 — p2)  (10)
yr = l1sinfy +rsin(6y + 602 — ¢2)  (11)

The accumulated energy U of the spring is calcu-

lated by;
1

U= 5K(L — Lo)? (12)
where K is the spring constant. From Cas-
tigliano’s theorem, the ground force F' is obtained
by;

U  dU 90y
=22 =20 13
dye 90 Oye (13)
and from equation (8),
906, 1 (14)

6‘_yg - 2& COS(’(/J() — 90)

is obtained. On the other hand, from equation
(12), the following equation is obtained.

U AU 90, oL 90,
90, 00, 00, K(L - Lo)ael 00,

where

(15)

Oxr Oyt
8_L - (xp — xR)8_91 + (yr — yR)a_al (16)
00, L
00,
xr
00,

= —[1 sin 91

— rsin(6y + 02 — ¢2) <1 + g—zi> (18)

Oyr

20, = /{1 cos b

00
+ rcos(01 + 02 — ¢2) (1 + —2> (19)
00,
and from the closed kinematic constraints in
equation (4)~(6),
14+ % . _51 Sin(&g + 03)
801 - ég sin 93
is obtained. From these equations, once all link
parameters are defined, the ground force is calcu-
lated as;

(20)

F=F(y) (21)

3 Mechanical
four-bar link

synthesis of

Based on the output force obtained in the pre-
vious section, the link parameters are obtained
using mechanical synthesis method based on the
output force.

Suppose that sets of y, and desired force Fy
are given as (yj, F!) (i =1,2,---) and we set the
objective function J as;

J= 3 (Fi - Flup)’ (22)

And link parameters are optimized so that J is
minimized by the least square method. For sim-
plicity, £,(=20[mm]), ¢o(=75[degree]), n(=1.75)
and ¢4(=10[mm]) are fixed because the change of
Ly and {4 yield a homologous mechanism, ¢ de-
fines the initial position and n cannot be taken
an arbitrary value (it is decided by the number
of teeth of the timing pulley). The design param-
eters are the following nine parameters : £, {o,
l3, v, ¢2 (link parameters of four-bar link), ¢
(initial value of 61), xr, yr (root position of the
spring) and K (spring constant). By using New-
ton’s method, the design parameter ¢ is renewed
as;

aJ
q—q+ 8_q6 (23)

5 =22 { - rom T e

oF
where ¢ is constant. Calculation of 90 is shown
1

in Appendix A for example.

4 Stiffness design and simu-
lation results

4.1 Design of desired force

In this section, a leg mechanism that absorbs the
landing force is designed. First, we set the de-
sired force F; to absorb the landing force and the
mechanism is optimized so that it realizes the de-
sired force.

Here we assume that this mechanism with its
weight M falls from the height h and collides with
the ground with its drop velocity vay;

vnr = V/2gh (25)

where g is the gravity acceleration. The ground
force should satisfy the following conditions.

1. F; = 0 at y, = 0 is satisfied because the
spring is natural length at y, = 0.
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2. The stiffness K, = 0Fy/0y, at yp = 0 is suffi-
ciently large. It causes the brake for the drop
velocity.

3. Fy = Mg at y, = yy is satisfied, where y; is
the final height of the body.

4. The stiffness at y, = yy is sufficiently small.
It causes the attenuation of the vibration be-
cause of the small stiffness.

5. The stiffness in large y, is sufficiently large.
It plays the stopper role.

From these conditions, the desired force Fy is set
as shown in figure 6.
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Figure 6: Desired force

4.2 Mechanical synthesis

By setting an appropriate initial value, the design
parameters are optimized. The initial configura-
tion and the optimized configuration of the leg
mechanism are shown in figure 7, and figure 8

Initial value

Optimized value

Figure 7: Initial and optimized configuration

shows F' of the initial value and the optimized
value.
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Figure 8: Obtained ground force

4.3 Landing simulation

By using the optimized mechanism, the landing
simulation is executed, where the dynamics of the
inertia term of members are ignored. The mech-
anism is approximated by a mass-damper-spring
system with the concentrated mass as shown in
figure 9. C is a constant viscous coefficient and

C': 13 K(yo) |

Figure 9: Model of the mechanism

K (y¢) is nonlinear stiffness, and they yields the
ground force F' in equation (21). This mecha-
nism falls from the height h = 0.05, 0.15, 0.30[m]
and collides to the ground with its velocity vys in
equation (25). The simulation results are shown
in figure 10. The final positions are same because
the weight of the robot is same. The transient
responses in the simulations are shown in figure
11 ~ 13. Figure 11 shows the ground force. This
figure shows that the nonlinear spring reduces
the ground force comparing the linear spring (see
h = 0.05, 0.15[m]), which means the nonlinear
spring works as a soft spring. On the other hand,
when h = 0.30[m], even though the maximum
ground force of nonlinear spring is larger than
linear spring, the body height is not so much
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Figure 10: Landing simulations
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Figure 11: Simulation results of the ground forces

changed as shown in figure 12, which means the
nonlinear spring works as a hard spring. This is
because the nonlinear spring has an advantage of
the stopper structure. Figure 13 shows the distor-
tion of the spring. The distortions are less than
70% which is smaller than a plastic deformation
of the normal spring specification.

5 Conclusions

In this paper, we propose a nonlinearity design
method of passive stiffness using closed kinematic
chain. The results of this paper are as follows;

1. We propose a leg mechanism that realizes a
designable nonlinear stiffness using four-bar
link.

2. Optimization method of the link parameters
is proposed to realize a specified ground force
based on mechanical synthesis.
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Figure 12: Simulation results of the height of bod-
ies

3. To reduce the impact force of landing, the
link parameters are optimized.

4. The effectiveness of the proposed method is
evaluated by the landing simulations.
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Appendix
A Calculation of 0F/0¢,

From equation (13), the following equation is ob-
tained.

OF _ 0 (0U\ _ 0 (0U 06, 90
831 - 8@1 aye - 68 891 890 aye

b5} OL \ 06: 960
= o (2K - Logr ) 5 . (A1
B OL 0OLo\ OL
=26{ (57~ 90c) o,
0 (OL 061 06y
L-—Ly)— =)} —— A2
+ (L= Loz (ael)} 90 oy 2
(zr — )(‘aﬂ +( )8£
oL _ TR Ge TV T Yy, (A.3)
ETA L '
p) 00
B:Z = cos 0y — rsin(61 + 02 — ¢2) 862 (A4)
ZZT = sin @y + rcos(f1 + 02 — ¢2)802 (A.5)
1
062 _ _ cos(02 + 63)
ol £2 sin 03 (&.6)
0Lo OL
gz _ Y~ A7
861 861 01=¢1,00=050,03=030,L=Lg ( )
8:6'1"0 axT
= = A8
0l ol 01=¢1,00=>020,03=030 ( )
Oyro _ Oyr
= 2= A9
o0l o)} 01=¢1,00=050,03=030 ( )

Here we remark that the change of ¢; causes the
change of 029 and 603 because of the kinematic con-
straints of four-bar link. And it yields equation (A.7)
~ (A.9). Other parameters are calculated as follows:

i(a_L)_l{aﬂax_T (or —z )i@x_T)
ol1 \ 00y o 0ty 061 g & 0ty \ 06,
dyr Oyr 0 (‘9@/‘)
+ ot, 00, +(y yR)ae 00,
1 oxr ByT BL
i (%) = —siné
o0, \og, ) ~ S
o0 00
—rcos(f1 + 02 — ¢2) 2 (1 + 8_92>
—rsin(61 + 02 — ¢2) (892> (A.11)
00,
0 (Oyr\ _
ETA (801) = cos 61
—rsin(0; + 05 — ¢2)892 (1 + 892)
00,
002
+rcos(fy + 02 — ¢2)8—€1 (8—91) (A.12)
o (002 1 , 903
o (55,) = gy {tein(0n 4 09 cont !
) a0 00
- {sm(Gz + 03) + {1 cos(62 + 03) (BZ + 3_2) }}
(A.13)
cos 01 — £asin(01 + 6 )6
1— L2 1+ 62
905 _ o6 _ 9%y qy

aly l3sin(0; + 02 + 03) oty
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