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In this paper, a kinematic analysis of Theo Jansen’s stepping mechanism has been carried
out and an algorithm for finding the output link trajectory from the given dimensions of the
stepping mechanism elements, implemented by Mathcad program, has been developed. It is
possible to output characterising parameters of all intermediate links with any number of inter-

mediate links of a step cycle of the mechanism. The dimensions of the mechanism elements
have been selected so that they provide the optimal smooth trajectory of the stepping point,
minimising the mechanism oscillations in the vertical plane. A comparison of the trajectories
of the foot in this study with the classical trajectory of Theo Jansen and the trajectory from

article [7] has been provided. A minimum swing of the oscillation of the centre of mechanism
masses in the vertical plane has been selected as an optimality criterion, combined with the
maximum smoothness of the trajectory, provided that maximization of the step height is not

required.
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1. INTRODUCTION

Robotics is one of the fastest growing
areas of modern science. A topical direction
in this area is the development and study of
stepping mechanisms. Theo Jansen’s [1],
[2] stepping mechanism, simulating the
gait of a living organism, is widely-known.
Theo Jansen’s “beach animals” created on
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this principle from plastic pipes are set in
motion by the force of the wind. In [3], an
overview of the work on the applications
of the Jansen mechanism in various fields
is given. It was stated that the majority of
developments were at the research stage. In
[4], a detailed study of the Jansen mecha-



nism was carried out, the trajectory of
the stepping point was determined, and a
modification of the basic mechanism was
proposed in order to improve its character-
istics. In [5], a method for increasing the
maneuverability through a mechanism with
5 links implementing a step height change
was proposed. To find the trajectory of the
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proposed mechanism and the Jansen mech-
anism, an analytical method was applied
using complex number forms. The problem
of stability of stepping mechanisms was
investigated in [6]. In [7], a structural anal-
ysis of the Jansen mechanism was carried
out and the trajectory of the output link was
determined from 12 intermediate positions.

The scheme of the stepping mecha-
nism (Theo Jansen’s mechanism) is shown
in Fig. 1. It consists of two stiff triangles
AON, FBT and rods KA = a, KB = z,
NF =g, OB =1, O K=r. Points A, O, N, B,
F, K, O, are hinges, with O and O, being
fixed firmly. By rotating the rod O K(r)
against the clock, the mechanism is set in
motion. The step trajectory is implemented

T

by vertex T of triangle FBT. Let us denote
the sides of the triangles as AN=w, OA=v,
ON=u , FB=f, BT=p, FT=s, £AON=aq,
£FBT=B, distance OO, =d. It is necessary
to select numerical values for parameters r,
a,z d, g 1, v,u w, f, p, s, which provide
the optimal trajectory of point T. We intro-
duce a rectangular coordinate system xQOy
(Fig. 1), then the coordinates of point T.

Fig. 1. Scheme of the stepping mechanism.

X, =X,+ p-cosp (1)
y.=y,+p-sinp’

where x,, y, are the coordinates of point B,

angle p is the angle between horizontal BE
and side BT of the lower triangle (Fig. 1).
To obtain the coordinates of point B, the
vector equality is used:



OB =OK + KB ) the expression is found:
where OK =00 +OK. A-siny+B-cos y=C, (7
Or: where
I=d+7+z, () A=2-1-r-sing,
B=2-1-r-cos¢p+2-d-I, ()
This equality in coordinate form: C=r+r+d'+2-r-d-cos¢ -2z,
{XB =X, TX, tX, In (7), a replacement is used:
Yp=Vat DV, T,
“4) ”. 2
o l-cosy=d+r-cos¢+z-cosd sin y = . cosy = - )
[-siny =0+r-sing+z-sind 1+1 1+1¢
where ¢ is the angle between the horizon- h 5 _(x
tal and O K, y is the angle between Ox and where y # 7+ 2mm w1 =1g 0 )

OB, ¢ is the angle between the horizontal

and KB (Fig.1). From (4) it follows:
Resulting in a quadratic equation:

z-sind =/-sin y —r-sin¢g (5) 10
z-coso=1[-cosy—r-cos¢p—d ' (B+C)-r~2-4:1+(C~B8)=0, (10)

the roots of which will be real at a positive
and by the ratio: discriminant:

(z-sinS) +(z-cos8) =22, ©6) A4+B-C=>0: (11)

2. A%\4 A4 -4-(B+C)(C-B) _ AL +B -C°

b2 2-(B+0) B+C ’

(12)

then
x.=2-arcig(t) . (13)

The graph of y, depending on angle ¢ is an unrealizable trajectory (the mechanism
shown in Fig. 2, and angle y, corresponds to is mirrored relative to the horizontal).
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Fig. 2. Dependence of x, on angle ¢.

The coordinates of point B (Fig. 3) will be:

xg =1-cos(,(p)
) . (14)
vy =1-sin(x, ()
_40
M -40283, \
i _45
2
Z mo
E — 30
Lo
=T 20 0 20
—33.963, Bx(4) 1977,

x-coordinate of B

Fig. 3. Trajectory of point.

Similarly, the coordinates of point A are {x 4 =X, X, +X,

, or
found: ViEV TVt Y,
04 =0K + KA. (15) v-cosy =d+r-cosp+a-cosb .
Taking into account that v-siny =0+r-sing+a-sin0 (17)
OA=OK + KA. then . . .

where a-sinf=v-siny —r-sing,

ved+r+a (16) a-cosf =v-cosy —d—r-cos¢ .
The coordinate form of these relationships is: From the ratio:
(v-siny —r-sin @)’ +(v-cosy/—(r'cosq)+a’))2 =a’, (18)
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we find A,

(B,+C,)-7*=2- A4 -7+(C,—B,)=0. (23)

A siny + B, -cosy =€y, (19) The roots of this quadratic equation:
here 2-4%\[4-4-4-(B+C)-(C-B)
zlzi.v.r.smi; . T.= 2-(B,+C,) - o
=2-v-r-cosg+2-d-v, ,
C=v +v r’;+ d*+2rd -co:go —a, (o) AENArEZC “;‘:ﬁ =<
In B (19) a replacement is used: with the corresponding angles:
siny = o oV = % , e Y= 2-aretg(r, ). (25)

where v #7+2m u T:tg(%j, (22)

resulting in a quadratic equation in relation
to

Thus, y,, will be real if the discrim-
inant is positive 4% + B>~ C>> 0. The
dependence of y, on angle ¢ is shown in
Fig. 4, and the angle y, corresponds to an
unrealizable trajectory.

N\

@ ol
£ e / \
2= |/ \
= Lrg
. \ pd
AU o™
4821,
“o 2 4 [3 8

6283,

Angle o, rad

Fig. 4. Dependence of y1 on angle o.

The coordinates of point A (Fig. 5) are
found as follows:

{XA =v-cos(y,(¢) 26)

v, =v-sin(y,(p)

60
36,
= | ———
(7 a3
o
L=
=
£ Ayl(e)so \\
5 \
o
2 45
. \
41753,
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—7.268, Ax1(d) 37319,

x-coordinate of A

Fig. 5. Trajectory of point A.
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From quadrilateral BFNO (Fig. 6) the Angles v and n are determined after
angle p is determined (BE — horizontal): dividing the quadrilateral by diagonal b into
two triangles (Fig. 6).

2z =p(@)=n(@)+v(d)+L+y(@). (27)

Fig .6. Angles in BFNO (BN=b).

where o is found from triangle AON (Fig.1):

V2 +l/l2 —W2
a =arcCo§f ——— |.

According to the cosine theorem:

blp)=u’ +I’ =2-u-I-cos(r(9) ,  (28) oy
with The change in the length of diagonal
BN = b depending on angle ¢ is shown in
v(@)=2-1-y (p)- 1, (p)-a, (29) Fig. 7. The graph of Eq. (29) is shown in
Fig. 8.
110y
= 103216, gy, —
P — -
E e s N ,/
% —— N /
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B e, O N
0 2 4 6 8
@ 6283,
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Fig. 7. Dependence of diagonal b on angle ¢.

Similarly: where
2,72 2
u*=b*>+1>-2-1-b-cosv, (30)  v(ep) =arccos| blp) +1I"—u” . (€28
2-b(p)-1
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Fig. 8. Dependence of angle y on ¢.
Similarly:
g =b+ f>-2-b- f-cosn, (32)

n(p) = amw{%]. (33)
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Fig. 9. Dependence of angle p on angle ¢.

Then we find:

plo)=rn+p+i(p)+¢(p)-+(0), (34 s’=f*+p*=2-f-p-cosf
f2 +p2 _SzJ . (35)

where angle B is defined from triangle FBT B= arccos(
(Fig. 1): 2 /P
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Figures 10—12 show examples of trajec-
tories of stepping point T defined by (1) for

different sizes of the elements of the mecha-
nism.
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Fig. 10. Invalid trajectory of point T.
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Fig. 11. Acceptable trajectory of point T.

— 104225,
— 105

Tyl @) 110)

A\

— 115

y-coordinate of T

~ 116255,

- 120

— 60 —40 =20

—44783,

Ta(¢) 333539,

x-coordinate of T

Fig. 12. Optimal trajectory of point T.

RESULTS AND DISCUSSION

The optimal dimensions of the ele-
ments of the stepping mechanism were
selected (Fig. 1): r=20(0 K), a=68(KA),
z=85(BK), d=61(00,), g=65(NF), I=54(OB),
v=56(0A),u=55(NO), w=76(AN), f=50(FB),
p=66(BT), s=90(FT). In this case, it is nec-
essary to raise point O, of the mechanism
above the horizontal so that the straight line
OO, makes the angle of 5° with the hori-
zontal, which brings the lower part of the
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trajectory (Fig.12) closer to the horizontal.
The swing amplitude of the gravity centre
of the mechanism in the vertical plane at
the given dimensions is approximately 3.2
at the step length of 78.3.

For comparison, Fig. 13 shows the tra-
jectory of the mechanisms created by Theo
Jansen, the dimensions of the elements are
taken from [4] and are given in the second
column of Table 1. Figure 14 shows the tra-



jectory obtained in [7], the corresponding
dimensions of the elements taken from the

not indicated by the authors) and are given
in the third column of Table 1.

illustration in this work (the dimensions are
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Fig. 13. The trajectory of Theo Jansen’s mechanism.
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Fig. 14. The trajectory of this work [7].

Table 1. Comparison of Dimensions and Parameters of Mechanisms

Parameter Theo Jansen Fomin A., et al. [7] Present research
r 15 40 20

a 50 137 68

z 61.9 167 85

d 38.79 107 61

g 39.4 106 65

1 39.3 107 54

v 41.5 111 56

u 40.1 108 55

w 55.8 149 76

f 36.7 97 50

p 49 129 66

] 65.7 174 90
Length of the step 67.8 172.5 78.3
Swing of occislations 32 6.3 32
Ratio 3.2/67.8=0.047 6.3/172.5=0.037 3.2/78.3=0.041

The bottom

main parameter characterising the oscilla-

line of the table shows the tions of the centre of masses of the mecha-

nism in the vertical plane, which is equal to
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the ratio of the swing of oscillations to the
step length of the mechanism. The trajec-
tory of this work (Fig. 12) in this param-
eter exceeds the trajectory of Theo Jansen
(Fig. 13), but it is less than the trajectory
of [7] (Fig. 14). However, approximately in

4. CONCLUSIONS

the centre, the lower part of the trajectory
of work [7] has a slight deflection upward
from the desired straight line, which gen-
erates unwanted oscillations of the mecha-
nism with a higher frequency compared to
the main frequency of a full step.

The trajectories of Theo Jansen and
work [7] have a common defect — a sharp
shape of the rear part. The transition from
the bottom of the trajectories to the top part
is not smooth. The trajectory proposed in
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