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Design of a passive, iso-elastic upper
limb exoskeleton for gravity compensation

Ruprecht Altenburger’, Daniel Scherly and Konrad S. Stadler

Abstract

An additional mechanical mechanism for a passive parallelogram-based exoskeleton arm-support is presented. It
consists of several levers and joints and an attached extension coil spring. The additional mechanism has two favour-
able features. On the one hand it exhibits an almost iso-elastic behaviour whereby the lifting force of the mechanism
is constant for a wide working range. Secondly, the value of the supporting force can be varied by a simple linear
movement of a supporting joint. Furthermore a standard tension spring can be used to gain the desired behavior. The
additional mechanism is a 4-link mechanism affixed to one end of the spring within the parallelogram arm-support. It
has several geometrical parameters which influence the overall behaviour. A standard optimisation routine with con-
straints on the parameters is used to find an optimal set of geometrical parameters. Based on the optimized geomet-
rical parameters a prototype was constructed and tested. It is a lightweight wearable system, with a weight of 1.9 kg.
Detailed experiments reveal a difference between measured and calculated forces. These variations can be explained

by a 60 % higher pre load force of the tension spring and a geometrical offset in the construction.
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Background

Passive gravity compensation systems have existed for a
long time [1] and many applications have evolved over
the last century. One of the most well known applications
is the parallel beam and spring systems used to balance
lamp shades [2—4]. These systems were adapted to bal-
ance TV screens [5] and to reduce holding and actuation
torques in robot arms [6].

In recent years, exoskeletons have gained significant
attention in the research and development community
[10] mainly for medical rehabilitation [11-13], medical
assistance [14] and military applications [15]. Most exo-
skeleton developers focus on using electrically driven
motors to support arm movement, ambulation or to
carry objects on the back. Manipulation of heavy goods
as seen in industrial applications are however rarely
addressed. The main obstacles in these applications are
the restricted power availability and the weight and vol-
ume of the exoskeleton.
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Spring based systems have the advantage that no elec-
trical power is needed, which reduces the weight and vol-
ume of the exoskeleton. Similar passive concepts do exist.
However, due to the additional load, systems with coun-
terweights are too heavy. In addition, springs with zero
free length (i.e. ideal springs) compared to non-zero free
length springs are costly or require an increased com-
plexity [7]. For simplicity reasons, the solution focuses on
using non-zero free length springs.

Requirementes

The design of this passive gravity compensation system
targets the use as an upper limb (arm) exoskeleton. This
arm exoskeleton should support the lifting of objects up
to 7.5 kg. For this passive exoskeleton, no external power
source is wanted, i.e. no sensors or powered actuators
can be used. The gravity compensating force needs to be
generated by spring forces only. Other main system char-
acteristics are a minimal weight and a wearable, robust
and compact design. The following requirements should
be met:

1. minimum supporting force: 40 N
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2. maximum supporting force: 120 N (these correspond
to 4.5 kg of users arm weight plus 7.5 kg of external
load)

3. adaptable to all supporting forces with a simple
mechanism

4. close to constant gravity compensating force over a
wide operating range (i.e. iso-elasticity) for all sup-
porting forces

5. the vertical range of the compensation should cover
at least +45° from a horizontal position

6. feasible and manufacturable geometric dimensions

7. minimal friction and lightweight design (<4.5 kg)
to minimize the energy required to carry, move and
accelerate the exoskeleton

8. based on commercially available springs.

Basic parallelogram—iso-elasticity

The early lamp poising systems consist of a parallelogram
structure with a spring, Fig. 1. The parallelogram shown
in Fig. 1—called the standard parallelogram—is actuated
by an extension coil spring fixed diagonally within the
parallelogram between points A and B. An external load
acts on the right bar in the z-direction denoted by force
F,. Using vector addition, the resulting tension and com-
pression forces in the bars 4, b and c¢ are related to their
geometric lengths, i.e.

E_ B _F "

a b ¢
In equilibrium, the force Fj corresponds to the external
load force, hence

Fp=—F; 2)

and the force in F, corresponds to the restoring force
generated by the spring. Assuming that the spring is an
ideal spring, the force is

F, = Fspring =kc, (3)

Fig. 1 Standard gravity compensation by parallelogram layout with
extension coil spring
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where k is the spring constant. Under this assumption,
the lifting force Fj is

b b
Fb = E Fspring = ; kC = kb = const. (4)

For an ideal spring, the lifting force F), is therefore inde-
pendent of the spring length ¢ and hence the lifting force
is constant for any value of ¢. This means that no exter-
nal force or torque is required to balance the weight in
any orientation of the mechanism within its workspace
for a predefined load force F,. This characteristic is often
referred to as “iso-elasticity” [1].

A second feature of this parallelogram spring system is
that dynamic movements from one side cause no move-
ments on the other of the parallelogram as Eq. (4) is inde-
pendent of ¢ and if frictionless joints are assumed. This
feature is utilised in stabilisation applications for motion
picture cameras [8]. It is also found in support systems
for workers for lifting tasks and as a balancer and stabi-
liser for heavy tools [9].

Effects of non-ideal springs and friction

In reality it is difficult to produce close-to-ideal springs.
Figure 2 shows a selection of springs produced by
Durovis AG, Switzerland (http://www.durovis.ch) com-
pared to the ideal spring (zero free length) characteris-
tics. Since a real spring always has a fixed free length /o,
a tension spring with a high pretension Fj is needed to
reproduce the ideal spring characteristic indicated by the
solid line with endpoints in Fig. 2. Therefore, the restor-
ing force needs to be described as

Force vs displacement, comparison between ideal
and real springs
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Fig. 2 Ideal spring characteristic for iso-elastic behaviour (ideal)
compared to multiple real spring curves (a Art Nr. 22/2/2, b Art Nr.
22/8/2, € Art Nr. 25/4/3,d Art Nr. 25/5/2, @ Art Nr. 26/4/1) Source: Durovis
AG, Switzerland
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Fs/pring =k (c — lp) + Fo. 5)

Preload values are typically only 3-8 % of the desired
values as shown in Fig. 2. These realistic values for the
spring parameters lead to a strong non-constant behav-
iour of the supporting force of the mechanism with forces
that are too low at upper- and too high at lower positions.
Again the lifting force Fj, needs to be

b b

szZFspringzz[k(C_lo)+F0] (6)
b

= E(FO —klp) + kb, @)

where the variable length ¢ can be substituted with the
geometrial condition

¢ = \/a® + b® — 2ab sin(p). )

Hence, for a realistic spring, the system will always equili-
brate at a specific angle ¢ for a given load F, (see Fig. 3, solid
line marked b). Obviously, there is no iso-elastic behav-
iour. The original lamp poising systems still worked nicely
because the joints were not frictionless. For the motion pic-
ture camera stabilization however, the friction in the joints
is unwanted because it weakens the effect of decoupling
the motion between the person and the carried camera
attached to different sides of the parallelogram structure.

Adaptability to load changes
For the ideal spring case, the parallelogram can be used
to support different loads F, and exhibit iso-elastic
behaviour. This can be achieved by changing the length
b in Eq. (4). The same approach can be used for a system
with a real spring. In Fig. 3, the equilibrating position ¢ is
shown versus the corresponding load F, for bar length b,
and for bar lengths bgp ¢ and bgo %, which are 80 and 60 %
of length b, respectively.

For shorter bar lengths, the difference between maxi-
mal and minimal force reduces. Hence, increasing the
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Fig. 3 Position (¢) versus load F, for different bar lengths b
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desired load compensation means that the system moves
further away from an iso-elastic behaviour and therefore
further away from the desired behaviour.

Two main options exist to manipulate Egs. (7) and
(8) to meet iso-elasticity and adaptability requirements.
These are adjustable spring constants or a novel geom-
etry, respectively. In [16], variable stiffness springs are
used, which allows adjustment of the point of equili-
bration. The design is based on a nut with pitch equal
to the spring. By changing the location of the nut along
the length of the spring, sections of the spring are inac-
tivated. This is a viable solution if the adjustment can
be made while the spring is not elongated. For variable
loaded springs (i.e. variable elongated springs), the pitch
changes and therefore the adjustment of the stiffness is
not easily possible.

In the next section, a geometrical change is proposed
and optimised, which addresses the above-mentioned
requirements.

Extension by a 4-link mechanism

If we consider the behaviour of the standard parallelo-
gram with realistic values for the spring, the spring forces
are typically too low for small extensions and too high for
large extensions of the spring. The basic idea for the addi-
tional mechanism is to move point A in Fig. 1 (fixture of
the spring) in a way that the spring is tensioned more in
upper positions and less in lower positions relative to the
standard parallelogram. This is achieved by the additional
4-link mechanism shown in Fig. 4. It depicts the mech-
anism in the two extreme positions, upper and lower.
The additional bars are denoted y, z and r. The lengths x,
y and z are constant whereas the length of bar r can be

Fig. 4 Parallelogram with integrated 4-link mechanism in upper
(solid) and lower (dotted) positions
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adjusted along the axis OZ. The spring is connected at
point Y and it can be seen that the quadrilateral spanned
by points OXYZ “flattens” out when moving from the
upper to the lower position, which reduces the effective
distance between points Y and B compared to the case
when point Y would stay at the same location. In addi-
tion, the reduced distance between O and Y has the same
effect as reducing length b in the standard parallelogram
from Fig. 1.

Angles and lengths are defined according to Fig. 5. The
load force F, acts on the end effector at point B. By tak-
ing the sum of moments around the origin O, as shown in
Fig. 6, the resultant force F; is as follows:

F,a cos (¢) + Fyx sin(a) — Fca sin(8) =0 9)

_ Fca sin (B) — Fyx sin (o)
B a cos (@)

where F; and F), are the spring force and the force in bar
y, respectively. Using the geometrical arguments illus-
trated by Fig. 5, the force F) is:

F _Fesin(y+a—p)
e sin(y)

F,

(10)

an

Fig. 5 Parallelogram with integrated 4-link mechanism showing the

main variables and parameters

Fig. 6 The forces acting on the lower beam around the origin O
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By substituting F) by Eq. (11) in Eq. (10), the final resultant
force as a function of spring force F, and internal angles is:

E_F sin () «xsin(y +a — B)sin («)
£ 7% cos (p) B a sin (y) cos (¢)

Hence, the force F, can be described in terms of the
spring force F,—a real spring characteristic is assumed
according to Eq. (7)—and geometrical relations which
depend on the lengths of the four bars «, y, z and r. In Eq.
(12) the angles «, B and y can be algebraically replaced by
the bar lengths. The expression is however omitted here
for the sake of compactness.

(12)

Optimisation of the geometry

Qualitatively, the 4-link mechanism provides the desired
behaviour. However, the design question remains as
to how the dimensions of three bar lengths x, y and z
(according to Fig. 5) need be chosen to provide a rea-
sonable iso-elastic behaviour. For this purpose, a design
optimisation problem is formulated. For practical rea-
sons, it was decided to move point Z on a straight line
starting at origin O to vary the supporting force F,. The
pitch angle 0 is introduced as an additional parameter to
be optimised. The length r should vary from 5 mm (40 N
support) to approximately 45 mm (120 N support). The
working range of the parallelogram was set to a range of
@ = —45°... +45°.

To reach an iso-elastic behaviour over the working
range, the curves in Fig. 3 need to collapse to horizon-
tal lines. A simple optimisation criteria is therefore to use
the difference between the maximally and minimally gen-
erated forces F, within the operating range. Therefore,
the optimisation reads as follows

i R ) ) 79 ’
xr})'/l’lzr}) (%, %,2,0|r, ) (13)

with
R(x,y,2,0|r, ) = max(F;(¢|r)) — min(F;(p|r)).

The notation F,(¢|r) means: the function F,(¢) at a given
value r. In the present form an optimisation would favour
geometrical parameters that lead to small absolute values
for the lifting force. Thus an extra penalty term is added
to the objective function R which measures the maxi-
mum distance of forces at r = 45 mm to the desired max-
imum force of 120 N.

In principle the three parameters of the spring (spring
constant, length and pretension) could also be values
to be optimised. But since the manufacturing process
strongly restricts these values, it was decided to select a
spring and calculate the values above for this particular
spring. The values of the spring were chosen from ener-
getic considerations like:
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(s — o) - 2= F0 e, (14)
which means that the total energy in the maximum ten-
sioned spring must be greater than the total lifting energy
of the mass.

For manufacturing reasons the geometrical parameters
%, ¥, z and 0 are constrained to reasonable values. Their

limits were given as

x,9,z € [40mm, 100 mm)],
f € [10°, 80°].

The resulting force F (g, r) can be calculated according to
Eq. (12).

The optimisation is done using MATLAB (The Math-
Works, Inc.) and the fmincon function of the optimi-
sation toolbox. The used algorithm uses interior-point
approach. The function F(g,r) was computed on a dis-
crete grid of ¢ and r values.

The optimised geometrical parameters are
x =582mm, y =729 mm, z = 94.3 mm and 0 = 51.4°.
Note that all values lie inside the given bounds. Figure 7
shows the resulting force values at the end effector for
different angles ¢ and different settings of the point Z
by varying distance r from 5 ... 45 mm. For small lifting
forces (small values of r) nearly perfect iso-elastic behav-
iour can be reached. The maximum force at 120 N shows

o

a variation of £3.2 N for positions ¢ = —45° .. .45°.
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Fig. 7 Resulting forces F, for the optimised geometry
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If we consider the optimisation with respect to the four
parameters x, ¥, z, 0 one has to ask whether these four
parameters give a proper description of the optimisation
problem. Figure 8 shows a stacked plot of the optimisation
function R(x,y,z,0|r,¢) under variation of the param-
eters x, y, z. The angle 6 is kept at the optimised value of
51.4°. For illustration purposes the z dimension is quan-
tised. The figure shows only a very slight variation of R if
we move diagonally through the parameter space shown
by the dark blue areas on each surface plot. Note that the
objective function has very large values at outer regions of
the shown parameter space. For this reason the color bar
has a nonlinear scale at the outer end. The optimisation
routine has to find an optimum in this “flat valley’, but
there does seem to be a global optimum. However, there
are many other possible combinations of the geometrical
parameters with similar iso-elastic behaviour to that of
the optimised parameters shown above.

First prototype

Figure 9 shows the prototype based on the 4-link mech-
anism. In the lower left, indicated by R, the adjustment
for moving the supporting point Z can be seen. It is a nut
running along a spindle when lever L is turned. By that,
the desired lifting force can be adjusted.

The total weight of one parallelogram is 1.9 kg. As in
other applications, two parallelogram segments are con-
nected in series to provide a reasonable range of opera-
tion. The forearm of the user is attached to the end of the
second segment using a cuff. This specific design supports
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Fig. 8 Stacked surface plot of the cost function R(x,y,z,6 = 51.4°)
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Fig. 9 Image of the prototype. The lengths x, y and z are highlighted.
By rotating lever L the lower end of beam z can be positioned along
the range r to adjust for different external loads F,

up to 120 N at the location of the cuff. Considering that
an arm consists of approximately 5 % of the human bod-
yweight, this system can therefore support an external
load up to the required 7.5 kg. This is at the upper limit
for most people when the load is held in the hand. A tool
mounted directly to the system could weigh up to 12 kg.
Ball bearings were used to reduce friction in the joints.

Experimental verification

Tests were carried out to verify the behavior of the devel-
oped system. Using different weights and a spring bal-
ance, the effective lifting force at 7 different angles ¢ were
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measured. The weights correspond to 20, 50, 70, 90 N and
since there is a static friction of approximately £5 N, the
measurements were done in an upward and a downward
direction. The force was applied with a hand held spring
scale. A weight of 7 N was added which is the contribu-
tion to the weight of the arm itself. Figure 10 on the left
shows results of the theoretical curve and the measure-
ments. For each weight and angle the two squares show
the upward and downward direction of the measure-
ment. Especially for higher loads there is a significant dis-
crepancy between calculated and measured forces. The
supporting force tends to higher values at larger angles ¢.

The reason for this discrepancy was found in a con-
siderably difference of the spring data and also a geo-
metrical effect which comes from the attachment of the
spring to the construction (a small offset of a bolt). The
spring characteristics was validated on a tensile test-
ing machine. The values of the spring characteristics in
the optimisation was taken from the datasheet an was:
length [p = 178.75 mm, preload force: Fy = 115N, spring
rate: ¢ = 11.15 N/mm. The measured values were found
as: length /p = 178.75 mm, preload force: Fp = 191.9 N,
spring rate: ¢ = 10.9 N/mm.

Figure 10 on the right shows the measurements and
calculated values with these corrected spring param-
eters. These values will be used in future for a new opti-
mization for a second prototype. The first prototype was
assembled to a supporting system (2 x 2 parallelograms
for two arms) and show very positive results in tests (see
Fig. 11).
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Fig. 10 Measured and calculated data. Left Spring parameters as in optimisation, right adapted spring parameters (length, preload force,...)
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Fig. 11 Assembled parallelogram fixed at a carrying system

Conclusion and outlook

The resulting design exhibits close to iso-elastic behav-
iour over a wide operating range and is adjustable for
loads in the range of 40-120 N. This makes the mecha-
nism attractive for a lightweight exoskeleton arm, which
is fully passive but still sufficiently powerful to support
significant weight. The same mechanism can be used to
balance an object such as a tool. Compared to electri-
cally powered exoskeleton arms, the supporting force is
continuously present and cannot be switched on or off
depending on whether an object is being carried or not.
The design is ideal for supporting the user’s posture and
for lower load weights.

The design optimisation approach provided an effi-
cient framework for selecting the best parameters. Future
development priority lies in further reducing the weight
and designing the exoskeleton arm to be more suitable
for specific tasks.
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