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This oscillation has less than 2 cm amplitude [31]. More

oscillation is not desired when used in combination with a

body weight support system and exoskeletal legs mounted

to the treadmill frame. The user should stay directly under

the deflection pulley of the BWS. Therefore, we chose to

associate an excursion of 1 cm with a force of 100 N, which is
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individual spring characteristics, the stiffness matrix must be

written as a function of the spring stiffnesses and resting

lengths. As shown in Fig. 6, each spring i, i = 1...n has an

attachment point on the pelvis plate of position vector rp+rspi

with respect to Om. The attachment point of the same spring

on the middle plate has position vector rsmi with respect to

Om.

An inertial frame N uses a set of direction vectors êx, êy ,

and êz connected to the middle plate. Because the middle plate

does not rotate, these and the relative position vectors rsmi are

constant. A frame B is connected to the pelvis plate and rotates

with the human pelvis. The rotation matrix N
CB describes

the orientation of the human pelvis and thereby the pelvis

plate with respect to the middle plate by mapping vectors

with components expressed in the pelvis-fixed B-frame to the

inertial N -frame.

Vector addition can be used to express the vector pointing

along the i-th spring as:

Nsi =
Nrsmi −

Nrp − N
CB · Brspi. (3)

The associated spring force F i that the i-th spring exerts

on the moving plate is given by

Fi = ki(|si| − l0i)
si

|si|
(4)

and the spring’s moment vector M i with respect to the pelvis

center Op as

NMi = (NCB · Brspi)×
NFi, (5)

with l0i as resting length of the i-th spring.

Based on these equations, forces and moments acting on

the pelvis can be compactly written as

τ = Ap, (6)

whereby the parameter vector p is a function of stiffnesses ki

and resting lengths l0i:

p :=
[

k1 k2 ... kn k1l01 k2l02 ... knl0n

]T
, (7)

the vector τ
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Direction Workspace Max Force / Torque

x -40 mm, +156 mm -445 N, +1742 N
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the phase at that frequency is already well beyond −90◦, such

that tracking of high-frequent references may not be possible

with simple feedback controllers.
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