
 
 

 

  

Abstract—Human friendly robots require inherently safe 
motoric functioning. One strategy is to remove significant loads 
from the system by static balancing of gravity forces. Many 
techniques have been developed to this effect. When gravity 
loads are not constant, for instance when picking up objects, 
adjustable gravity balancers are required. In order for these to 
be safe and energy-efficient, their adjustment should require no 
operating effort. This paper presents four different principles of 
energy-efficient adjustment systems for gravity balancers. 
Somewhat more generally, these devices can be considered 
efficiently variable zero stiffness mechanisms.  

I. INTRODUCTION 
TATICALLY balanced systems are designed such that 
they possess a constant potential energy throughout their 

range of motion, often realized by the use of spring 
mechanisms or counterweights. As a result, quasi-statically, 
the system can be moved without operating energy [1]. 

On application of static balancing is gravity equilibration, 
such as for instance in the “Anglepoise” desk lamp [2], [3]. In 
the “Steadicam” [4] the principle is also used for vibration 
isolation. Robotic manipulators can become lighter and faster 
if their weight is balanced [5, 6]. Another useful application is 
found in statically balanced arm supports that allow patients 
with a neuro-muscular disease to lift their arms [7, 8]. 

By far most publications on gravity balancing consider a 
constant load. This assumption is no longer valid if for 
instance an object is picked up by a robotic manipulator or a 
mobile arm support. Many gravity balancers can be adjusted, 
even with restoration of perfect balance [1], but generally 
speaking, adjusting a gravity equilibrator to a different weight 
(change of payload) requires energy, because for instance the 
balancer spring needs to be stretched. This is usually 
undesirable because of increased energy consumption or 
actuator size.  

Recently, several methods to adjust statically balanced 
systems to different payloads in an energy-free fashion were 
presented [9, 10, 11, 13]. The objective of this paper is to 
present another one and to provide a comparative analysis of 
these principles that enable energy-neutral adjustment of 
gravity balancers to changing payload.   
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II. PRESENTATION OF PRINCIPLES 
This section will present different principles for the 
energy-neutral adjustment of zero stiffness mechanisms, 
illustrated by using gravity balancing as an example 
application. All principles are explained using the balancing 
condition of a basic gravity balancer that is reproduced here 
from [1] and illustrated in Fig. 1. 
 mgL akr=  (1) 

A. Simultaneous Displacement 
The Simultaneous Displacement method (Fig. 2 [10]) 
changes the distances a and r simultaneously, in such a way 
that the spring length does not change (and hence no work is 
required). The product of a and r, however, does change, and 

hence so does the balancing setting. (Eq. 5). 

B. Virtual Spring 
The Virtual Spring method (Fig. 3 [13]) works by replacing 
the single zero free length spring of the basic static balancer 
by two substitute zero free length springs. These springs 
generate a virtual spring with the same spring properties as 
the initial spring, but with a unique difference: the virtual 
spring length can be adjusted without external energy, by 
rotating the substitute springs in a coordinated fashion using a 
pantograph. Effectively, this virtual spring and pantograph 
construction changes the value of a, without elongation of the 
substitute springs.  
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Fig. 1.  Basic gravity balancer, which is perfectly balanced if a is vertical, 
and k is a zero-free-length spring, under the condition that mgL=akr [1].  

 
Fig. 2.  Simultaneous Displacement method, where a and r are adjusted 
simultaneously without changing the spring length [10].  



 
 

 

C. Storage Spring 
The third method, the Storage Spring method (Fig. 4 [*], 
makes use of a spring that provides the energy needed to 
adjust the balancing spring. As a result, the system contains 
two balancers, one for the payload and another one to balance 
the adjustment motion. 

D. Stiffness Adjustment 
A fourth type of energy-free adjustment is called the Stiffness 
Adjustment method and works by adjusting the spring 
stiffness of the balancer spring by changing the number of 
engaged coils when it is at its rest length [12].  

III. DISCUSSION 
Different principles were shown for the energy-neutral 
adjustment of constant force generators, that are not 
variations of each other. Therefore the discovery of new 
principles is not excluded.  

All of the principles can be adjusted in an energy-neutral 
fashion in only one position. This is a fundamental limitation, 
as it would otherwise be able to generate energy. In other 
configurations it can still be adjusted but not in an energy 

neutral way. Hence application in the purest form is limited to 
situations where (any) payload is moved up and down again, 
for instance in furniture, or goods storage. 

The Simultaneous Displacement and Virtual Spring 
principles have in common that the springs move during 
adjustment (in the energy-neutral adjustment position) with 
no change in length. While the working principle is different, 
this raises the question whether solutions with more than two 
springs exist.   

All principles shown have in common that they can 
provide perfect constant force under certain conditions: in all 
but the Stiffness Adjustment principle, zero-free-length 
springs are needed. In the Stiffness Adjustment method a 
normal spring can be used but the pulley radius should ideally 
be zero to not introduce an error.  

In order to make efficient use of the springs, it is 
advantageous to select a configuration where the energy in all 
the springs is fully used, i.e. the full range of the springs is 
employed. With mathematical zero-free-length springs, one 
will attempt to make a equal to r, which is typically possible 
for one specific payload. In practice there are further 
limitations due to the embodiment of the zero-free-length 
springs.  
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Fig. 3.  Virtual Spring method, where a virtual spring is created by two real 
springs, and a is adjusted by relocating the springs by a pantograph [13].  

 
 
Fig. 4.  Storage Spring method, where the motion for the adjustment of a is 
statically balanced by a second spring [9].  

 
 
Fig. 5.  Stiffness Adjustment method, where the stiffness k is modified by 
changing the number of active coils [12].  


