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1. Introduction

The Movement Disorder Society defines tremor as an involuntary rythmical oscillation of a
body part (Deuschl et al. 1998). This definition excludes other movement disorders with a
less cyclic character such as chorea or ataxia. Tremor is the most frequent movement
disorder in clinical practice with an estimated prevalence between 3-4% of the population
over 50 (Manto et al. 2004).

Everybody has some tremor component, usually invisible for the naked eye, called
physiological tremor. However, there are other forms of pathological tremor that can be very
disabling, and often a cause of social exclusion (Rocon et al. 2004). There are many
pathologies that can cause pathological tremor, among others Essential Tremor, Parkinson
Disease, brain trauma or multiple sclerosis.

Common treatments of tremor are pharmacological and surgical. Pharmacological
treatments depend on the specific pathology that causes tremor. For instance Parkinson
disease tremor is treated with L-dopa, and common treatments for Essential Tremor are (-
blockers (Deuschl et al. 1998). Surgical classical treatment for tremor is thalamic
thermocoagulation (Deuschl et al. 2000). However from mid 90’s Deep Brain Stimulation
(DBS) is preferred to thermocoagulation (Deuschl et al. 2000).

Despite these therapies, there are still an important number of people with
pathological tremor resistant to the common treatments (Deuschl et al. 1998). Thus,
other alternatives are of interest to help people suffering from different kinds of
pathological tremor. Many of these alternatives focus on removing the consequences
of tremor rather than its origins. Among others the following approaches can be
mentioned:

(a) Removing the tremor from a tremorous signal (Riviere & Thakor, 1996, Gonzalez et al.
2000) (b) Design of assistive devices based in dampers (such as the NeaterEater® or the
MouseTrap® (c) Design of robotics systems to suppress tremor.

This chapter focuses the attention on the design of robotics systems to suppress
tremor. First of all, we will introduce different strategies to suppress tremor using
robotic approaches, then we will show the biomechanical and ergonomics issues to
take into consideration in the design of these robotic systems, finally we will introduce
a set of guidelines to take into account in the design of robotics systems for tremor
suppression.

Source: Rehabilitation Robotics, Book edited by Sashi S Kommu,
ISBN 978-3-902613-04-2, pp.648, Augqust 2007, Itech Education and Publishing, Vienna, Austria
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2. Robotic systems to suppress tremor

Robotic systems allow mechanical tremor suppression while preserving the component of
voluntary movement. This approach has been attempted previously by several authors
considering different strategies, and using different robotic configurations.

2.1 Methodological introduction

In this chapter we will consider the mechanical system of a body segment with a robotic
system attached to it from the perspective of dynamic systems theory. Given a simple
mechanical system such as the one in figure 1, we can express the relationship between force
and displacement in the form of a differential equation that includes the components of
inertia (M), stiffness (K) and viscosity (c) (1)

F
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Fig. 1. Simple mechanical system to exemplify the relationship between force (F) and
displacement (AX) depending on the mechanical characteristics of the system.

F(t)=M- 82(121x)+c. a(A)C)JrK-Ax ©)
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Using the Laplace transform (2) we can change a differential equation such as (1) into an

expression dependent on the operator § (3), and this kind of transformation allows to
obtain expressions in which we can separate the physical charateristics of the system from
the inputs and outputs (4). We can refer to these physical characteristics as dynamic stiffness
(5) in the sense that is an expression of the complex relationship between the force applied
and the position of the system.
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Besides, the use of the Laplace transformation has two extra benefits: a) it allows a
relationship between an input signal (i.e. force) and an output signal (i.e. displacement) in a
mathematical expression known as transfer function. b) it allows the identification of the
mechanical system from its frequency response.

2.2 Strategies for tremor suppression

One obvious way to supress tremor consists in damping the tremor component: adding
viscosity to a joint makes the joint speed dependent. Thus, since a tremor movement is
faster than common voluntary movements, the addition of damping should attenuate
tremor. This approach has been tested through the use of dampers (Kotovsky & Rosen,
1998) or through the use of actuators based on magneto-rheological fluids (MRFs) (Loureiro
et al. 2006).

From a wider perspective, adding viscosity to a joint changes the dynamic stiffness of the
joint. But we can change dynamic stiffness by not only adding viscosity but also adding
stiffness and inertia.

SIS SIS/

Fig. 2. Simplified diagram of grounded robotic system for tremor suppression.

Pledgie et al. (2000), suggested the use of changes in the dynamic stiffness in order to
attenuate tremor. Adding dynamic stiffness the overall bandwith of the system can be
changed, if the band of tremor is let out of the band of the overall system (human joint and
robotic system) then the tremor should attenuate. This is the approach shown in (6), where
B, is the dynamic stiffness of the body system and B, is the dynamic stiffness of the

robotic system.
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Another feasible strategy consists in the implementation of a filter in a mechanical system.
This has been one of the approaches of Rocon et al. (2005). The main idea of these authors
was to track the frequency of tremor using the Weighted Linear Fourier Transform
suggested by Riviere & Thakor (1996) and designing a zero-lag notch filter tuned to remove
the tremor frequency component.

2.3 Grounded robotic systems

Grounded systems are those which create a mechanical linkage from a body segment to the
ground or a fixed external system such as a desktop or a wheelchair. Figure 2 shows a
simplified diagram of a grounded robot attached to the hand. For the sake of simplicity we
have assumed a 2D model of the arm with only two joints the wrist and the elbow.

A system of these characteristics can efficiently suppress the tremor at the level of the hand.
We can simplify the behaviour of the overall system to the diagram blocks of figure 3. We
are considering that an input torque at the wrist joint of 7, , H, is the dynamic response

of the robotic system (i.e. the transfer function), and B, and B, are respectively the

dynamic stiffness of elbow and wrist joints.

T
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Fig. 3. Linearised model of the grounded robotic system shown in figure 2.

(7) is the be the expression of the overall movement of the hand according to figure 3. As it
can be observed in (7) the response of the robotic system can modify the response of the
hand.

B
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However, due to the mechanical coupling introduced by the robotic system, a component of
tremor will appear at elbow level such as shown in (8).
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In other words, keeping the tip of the hand steady with a grounded system will introduce a
tremor component in the proximal joints. This component of tremor can be potentially
dangerous when users perform movements oriented to his/her body such as eating or
dressing.

If we considered an strategy based on the addition of dynamic stiffness instead of a generic
suppressing strategy represented by a transfer function, we can compare (7) with the
approximation of tremor suppression through impedance control suggested by Pledgie et
al. (2000) which is shown in (6). At first sight both expressions are very different, but we can
rearrange the terms of (7) as shown in (9), and substitute the response of the system, a
generic transfer function ,represented by H, , for a dynamic stiffness represented by B, .

0(s)= ——————-7,,(s) ©)

/A7 rr7r7777

Fig. 4. Simplified diagram of a wearable robotic system for tremor suppression attached to
the wrist joint.

But, according to Acosta et al. (2000) the dynamic stiffness of the arm should be considered
as a whole due to the coupling of body structures and in particular to the existence of
biarticular muscles. This hypothesis provides consistency to the approach of Pledgie et al.
(2000) who identify the overall response of the arm as a generic linear second order system.
Therefore, if frequency response of the arm is unitary, the dynamic stiffness of different
joints can only differ, approximately, in the gain. Consequently, we can simplify further (9)
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to (10), where K is a positive real number representing the relationship of stiffness of wrist
and elbow joints.

0(s) = ———.7,(s) (10)

" B,+K B,

As it can be seen, (10) is very similar to (6), and therefore the approximation of Pledgie et al.
(2000) can be considered as a special case of the approach shown.

2.4 Exoskeletons and wearable systems

The principles of exoskeletons are very different from grounded robotic systems. figure 4,
shows a simplified diagram of exoskeleton to suppress tremor at the wrist joint. As it can be
inferred from the figure, in this case there are not mechanical couplings (other than inertial
coupling characteristics) able to transmit tremor from distal to proximal joints.

However, this approximation has two main drawbacks: firstly the system doesn't have
control over the global position of the hand, just in the movement performed by the joint
under control, (in the case of figure 4 the wrist angle), and secondly the system is unable to
compensate tremor coming from other joints.

The block diagram for this approximation is much simpler (figure 5).
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Fig. 5. Linearised model of the exoskeleton system.

Consequently the expression of the position of the hand with respect to the forearm is also
simpler (11).

1

-—— T 11
Bm, (11)

On
Comparing (11) with (6) we can see that both expressions are identical, therefore the same
type of tremor supressing strategy is possible in this configuration.

3. Biomechanical requirements

In the last point we have considered how different strategies and approximations can be
effective for tremor suppression. However, in all the development, we have considered ideal
conditions in relation to the compatibility between the robotic system and the body segments.
Human body segments impose their own constraints to the system and these constraints must
be kept into account in order to construct useful devices able to suppress tremor.

One of the key factors when designing these systems is the management of the contact
between the body and the system. The systems attached to the body require the
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transmission of the loads to the skeletal system, but this transmission is only possible
through the layers of soft tissues between the device and the skeleton.

Common orthotic practice has developed procedures for load transmission based mainly on
safety and comfort issues. However, many common orthotic procedures are not applicable in the
design of systems to suppress tremor because they are successful only in static or quasiestatic
conditions, but tremor is a pure dynamic effect and therefore requires other approaches.

3.1 Contact pressures

The transmission of loads from the systems to the skeleton produces contract pressure that
can compromise safety and comfort.

Regarding safety, the usual guideline is avoiding pressures above the ischaemia level (the
level at which the capillary vessels are not able to conduct blood compromising the tissue).
This level has been estimated in 30 mmHg (Landis, 1930).

The relation between pressures and comfort is much more complicated. Touch receptors are
sensitive to the deformation of the layers of tissue where they are located (Dandekar et al. 2003),
therefore the perception of pressure is indirect: pressure deforms tissues and this deformation is
sensed by skin receptors. Besides, the type, density and distribution of skin receptors varies
significantly depending on the part of the body implied. Finally, the skin receptors have a
dynamic response to the excitation (receptor adaptation). This dynamic response makes the
pressure perception dependent on the dynamics of the process of applying pressure.

In orthotic practice the main guideline is reducing the contact pressure as much as possible
increasing the contact surface between the system and the body, and reducing the risk of
injury for maintained high pressures.

However, this guideline couldn't be appropriate from the point of view of comfort.
According to Goonetilleke (1998) there exists an optimal surface to distribute a load and this
value is a balance between pressure and number of touch receptors excited, also known as
spatial summation theory (Goonetilleke, 1998). Furthermore, in the case of system for
tremor suppression, as we will see later, the use of big supports to distribute the load
worsen the performance of the system, consequently some kind of increase of contact
pressure is needed in comparison with conventional orthoses.

To assess the tolerance of pressure of different parts of the body some authors made
indentations to the point where the user feels pain or discomfort (Bystrom et al. 1995).
However, the results of these experiments should be considered as a general indication of
discomfort threshold since they depend on dynamics, shape and area of application.

3.1 Shear forces

Shear forces are together with pressure, the most important cause of skin injuries. Besides,
compliance of skin in the shear plane is higher than in normal plane and this can cause loss
of alignment in actuators which have an action line parallel to the body segment.

3.2 Kinematic compatibility

Body joints never act as pure hinge or ball joints, the geometry of body joints is usually very
complex and can differ substantially depending on the person. On the other hand, robotics
are commonly composed of inferior pair joints. Therefore, when we place a robotic system
acting parallel to a body segment there are loss of alignments between the robotic system
joint and body joint Instant Helical Axis (IHA). This loss of alignment is partially
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compensated for the flexibility of body soft tissues and partially is transmitted as loads to
the structures of the joint, and this can ultimately lead to an injury.

These injuries are relevant in powerful joints which manage an important amount of load
such as the knee. In these cases the design of a mechanism able to follow-up as close as
possible the body joint IHA is very important.

3.3 Protection of body structures

When applying loads to a body segment it is important to be careful with some structures in
order to avoid discomfort, pain or the risk of injuries: Superficial vessels and nerves and
bone prominences. Besides, we should keep free the area close to the joints.

3.4 Dynamic stiffness in the contact
In point 2, we have considered ideal contact conditions between the robotic system and the
body segment. However, these conditions determine the overall performance of the system.

Orthosis
Ho(s) | S
!5
s
Hand Forearm

Fig. 6. Simplified view of a robotic system considering the dynamic stiffness in the contact.

If we consider the dynamic stiffness between the system and the body when we model the
response of the system (figure 6), and we assume that the effect of the system is to apply a
certain amount of dynamic stiffness ( B, ), then the overall equivalent stiffness of the system
is (12). The dynamical stiffness of the contact points between the robotic system and the
body segments, as well as the dynamical stiffness of the actuator are all in serial mode and
consequently the overall dynamical stiffness has been reduced.

_ Bs; - By - B,
B.Y[ ' BSZ +Bs1 'B() +Bs2 'Bo

B, (12)
If we consider that dynamic stiffness in both body segments is the same and we neglect the
viscous component, then we can simplify (12) into (13) where K is the stiffness of the soft
tissues under the contact of the system.

K. p

B, =2 (13)
K, g
2 0

To understand how the contact conditions can affect the performance of a robotic system for
tremor suppression the response of an effective system and a sitffness in the contact of
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0.47N/m can be considered. As it can be seen in figure 7, the dynamic response of the
system has changed considerably. If we consider the contact conditions, even for a well
designed system we can lose all the attenuation in the frequency of pathological tremor (4
Hz) due to the stiffness of soft tissue. Thus the system is no longer capable of suppressing
tremor due to the conditions of the contact.
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Fig. 7. Effect of the contact. The curve with circles is the response of the system considering
an ideal contact between the system and the body segment. The curve with crosses is the
response of the system considering the stiffness of the soft tissues. The arrow shows the loss
of attenuation at 4 Hz (typical frequency of many pathological tremors) when stiffness of
the contact is considered.

If we are able to increase the stiffness of the contact by a factor of 10 (overall
stiffness 4.7N /m ), the response of the system (figure 8) will come closer to the ideal
behaviour. The system is able to suppress tremor.
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Fig. 8. The effect of increasing the stiffness in the contact. The arrow represents the loss of
attenuation at 4 Hz when we consider the stiffness of the contact.
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Moreover, the stiffness in the shear plane is considerably lower than in the normal plane.
Thus, the response of the system will be worse in the shear plane.

In addition, the loss of alignment between the body segment and the orthosis can also
produce a reduction of effectiveness. The stiffness of the soft tissues can produce this loss of
alignment (figure 9). In the figure 9(a), the gap between the support system and the body
segment is a representation of the contact of stiffness. When the segment corresponding to
the hand moves, the orthosis does not act due to the loss of alignment between the fixation
and the hand —Fig. 9(b)-

4. Design principles

All the above considerations imply restrictions in the design of robotic systems for tremor
suppression. We have summarised these constraints in three design principles:

a) Length restriction

b) Increase of contact pressure

c) Alignments with body segments

Hais)

-
—

(a) System attached to a steady body segment

Hais)

(b) Loss of alignment when the body segment moves
Fig. 9. The effect of loss of alignment due to a low impedance.

4.1 Length restriction

This principle is intended to deal with the low stiffness associated with the shear component
of stiffness. A constraint in length between the fixation devices (figure 10) increases the
overall stiffness of the contact in a factor of 4.

Without this restriction the supports corresponding to each segment can move separately.
Therefore, their dynamical stiffness is in serial mode. However, if we restrict the distance
between the supports (figure 10), now both supports can only move coordinately.
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Consequently, both contacts are now in parallel and the overall dynamical stiffness is
higher (14). Therefore, the length restriction affects the overall dynamic stiffness of the
system.

Bo +Bs1 +BS2

(14)

Fig. 10. Length restriction in a device to suppress tremor in the wrist flexion-extension based
in a linear actuator.

Using the same simplifications as in (13) (equal impedance in both fixations and neglecting
the viscous component), (14) converts to (15).

_2K-B,

- 15
2K +B, 19

t

Comparing (15) with (13) we can seen that now the equivalent stiffness of the contact is four
times higher.

Load (N)

0 1 1 1 1 1
0 5 10 15 20 25 30

Deformation (mm)

Fig 11. Force deformation characteristics of soft tissues in the forearm.
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4.2 Increase of contact pressure

The tenso-deformational characteristics of the soft tissues under the arm are highly non-
linear. The stiffness of the tissues increases as contact pressure increases. Figure 11 shows
the force-displacement curve measured in the forearm of 10 different young people (5 males
and 5 females) measured in 6 points of the forearm (3 in the palmar side and 3 in the volar
side).

As we can infer from figure 11, one way to increase contact impedance is increasing
contact pressure and moving upwards in the tenso-deformational curve. This
strategy has two constraints of safety and comfort that have been dealt with in point
3.1.

4.3 Alignment with body segments

As it has been said before, the loss of alignment between the body segment and the
robotic system can reduce the overall performance of the system. One way to ensure the
alignment is increasing the number of contact points of each support. Each support part
of the system should have at least three contact points to ensure the alignment (figure
12).

* Nﬁ

Fig 12. Alignment of the support devices with the body segments once the number of
contact points have been increased.

5. Conclusions

Tremor suppression with robotic devices can be an alternative for people with pathological
tremor resistant to conventional treatments.
Common orthotic principles don’t fit well for tremor suppression due to the inherent
dynamic characteristics of tremor.
In the design of robotic systems for tremor suppression the correct design of load
transmission to the bones through the soft tissues is one of the key aspects for successful
performance.
We have summarised the design specifications into three guidelines:

a) Length restriction to avoid the low stiffness associated in the shear plane.

b) Increase of contact pressure to increase contact stiffness.

c) Increase of the number of contact points to keep the alignments between the

orthosis and the body segment.
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