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Abstract
Insight in motor control is of significant importance. It could be of help in
many disciplines like medicine, sports or technology. One of the simplest
mechanisms in motor control, the stretch reflex, was studied in our
research. With a one-dimensional robot system, preload forces could be
offered to the subject, as well as force pulses to stretch the muscle. As the
configuration of the setup had been changed, part of the research was
dedicated to calibrate the new system. The muscle activities were
measured with bi-polar surface electrodes. This method proved to be quite
successful and some attractive diagrams were constructed. Wetried to find
arelation between force pulse and reflex amplitude, as wellas arelation
between preload and reflex amplitude. Previous research has indicated
that the reflex amplitude increases with both pulse and preload. We were
not able, however, todeduct these relations from our data. As yet it is
unclear what the reason for this discrepancy is. During our research we
found an interesting phenomenon. We observed that for some
orientations of the arm, simultaneous reflex activities occurred in both the
biceps and the triceps muscles. We could not deduct from our data
whether there exist optimum values for elbow and shoulder angle for
appearance of the phenomenon.
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Chapter 1: Introduetion
The way we move in daily life might give us the idea that it is a very
straightforward process. We are able to piek up a heavy suitcase or a small cup
of coffee. We can walk, sing, throw a ball, or write a letter, apparently without
any effort. From mechanics however, we leam that forces required to move
different masses over the same distance have to differ in amplitude and/ or
duration. Although we can only estimate roughly the mass of the objects to be
moved, we are still able to perform the above mentioned tasks accurately. So
there mustbesome mechanism that corrects the exerted forces when, for
example, our estimation is too high or too low.
As movements occur in virtually allwalksof life, understanding human
motor control is of significant importance. In sports it can allow for more
victories or heightened levels of competition. In medicine, rehabilitation can
be improved through a deeper appreciation of the means by which the motor
system functions. Moreover, the use of machines can be made safer or more
efficient through the application of principles gained through motor control
research.
Movements are made to a variety of signals, external or intemal. Some
movements are automatic whereas others are voluntary. No matter what the
signal or the context for movement, however, virtually all movements
involve the participation of large numbers of muscles. Spinal circuits provide
the communication between the periphery (muscles) and the nervous
system. The simplest spinal circuit is the reflex-are. Here a muscle contracts
immediately in response to its own stretch.
The central aim of this workis to study how accurate these reflexes are. More
concrete, the dependenee of the reflexes on the magnitude and muscle
activation prior to the disturbance will be studied. Hereby, we will restriet
ourselves to the reflexes in the arm, during movements in one direction in a
horizontal plane.
First, a theoretica! background will be given conceming physiological
foundations and a mechanica! description of the arm. This is done in chapter
2 and 3.
In chapter 4, we will leam about the BSA, the apparatus used for the reflex
experiments. Furthermore, the method of electromyographic measurement is
explained. Finally the total experimental setup is outlined.
In chapter 5, the calibration of the setup will be discussed.
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The actual experiments are described in chapter 6. Here the results are
presented and discussed.
The last chapter contains some general conclusions and suggestions for
further research.
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Chapter 2: Physiological foundations
2.1 Introduetion
To move as effortlessly and adaptively as we do, there must be some
communication between the periphery and the central nervous system.
Pathways running through the spinal cord allow for this communication. At
the lowest level are sensory receptors and muscle fibers. These structures
conneet through a variabie number of synapses, which are gaps between
neurons. Some connections involve only a single synapse. Others involve
many synapses. When only a few synapses are involved, the responses to
peripheral inputs are extremely rapid and automatic.
In this chapter a brief description will be given of the several mechanisms
involved in the perceptual-motor integration. This includes more levels
starting with the muscles, which are innervated by neurons. The neurons get
excited by the spinal cord, which gets proprioceptive information from the
sensory organs lying in the muscle fibers. More information on this subject
can for example be found in Human Motor Control by Rosenbaum ([11]).
2.2 Muscles
Musdes are composed of muscle fibers. The muscle fibers within a muscle
group are innervated by several motor neurons. How this is doneis
explained in the next paragraph. One motor neuron is connected with a
number of fibers varying from 10 to 1500. A motor neuron and the muscle
fibers it innervates forma motor unit. This motor unit is the most basic form
of motor controL When recruited, all muscle fibers within it are made active.
The muscle fibers within this unit have the same mechanica! properties.
Those properties determine for what mechanica! demand the motor unit is
suited. Swinging the leg or maintaining stance, for example, are carried out
with different motor units. Generally, motor units with a large number of
fibers allow for a less precise movement Reeruitment of motor units
happens in a specific order, called the size principle. This means that the
motor unit with smaller and less forceful fibersis recruited first. The
technica! explanation is that small motor units have small thresholds for
exiting them. The physiological reason is that in this way a force will be build
up gradually, which has mechanica! advantages.
The muscle fibers within the motor unit are built from muscle filaments.
They consist of two types of protein filaments, actin and myosin. When a
muscle shortens, actin and myosin slide past each other forming tiny crossbridges (Fig 2.1). The cross-bridges allow for the build-up of muscle force. The
5
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contraction of a musde is an active process. lt is a response to the impulses of
the motor neuron. The musde can notstretch actively. 1t must be stretched
mechanically through the action of opposing musdes or extemal forces.
Therefore, there mustbeat least two antagonistic musdes around one joint.
ACTIN FILAMENTS
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Fig. 2.1. Cross-bridges of the myosin filaments with the actin filaments.

2.3 Nerves
Musdes contract as a response to electrical stimulation presented by nerve
cells, also called neurons. The neurons transmit the electrical signal from the
brain or spinal cord towards the musdes in our body. This type of neurons are
called motor neurons. Another type of neuron conducts signals from the
musdes or organs back to the brain. In this paragraph we will see how
neurons work. As neurons generally come in different functionality, they
appear in a great variety of shapes. Here a global description will be given that
will hold for most types.

2.3.1 Neurons
Neurons consist of a cell body, called soma, with a diameter between 6- 100
J..Lm and a number of terminals (Fig. 2.2). The axon is the terminal responsible
for transmitting signals towards the musdes or organs. The other terminals
are called dendrites, their function is receiving information and transmitting
it towards the soma of the neuron. Neurons are the connecting partsin the
stream of information between the central nervous system and the effector
system in both directions. They are specialised to conduct a locally evoked
excitation as an impulse along the cell surface, in particular along its axon.
The axon is in contact with a large number of other neurons, forming a
divergent structure. The dendrites are in contact with a large number of other
axons, forming a convergent structure.

6
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Fig. 2.2. Example of a motor neuron. (From Guyton, 1981)

2.3.2 Action potential
The mechanism responsible for the transmission of information is the action
potential. In rest, over the membrane of a neuron a potential difference exists.
This potential difference has a magnitude of 90 mV, with the inside of the cell
negative with respect to the outside. A nerve impulse can than be defined as a
smalllocal area of reversed potential difference travelling along the cell
surface and axon. This localised and moving negative part of the outside of
the membrane can be measured as a short electrical pulse, and is called the
action potential. The action potential propagates down the axon and activates
the muscle fibersin a motor unit. When the post synaptic membrane of a
muscle fiber is depolarised, the depolarisation propagates in both directions
along the fiber. The membrane depolarisation, accompanied by a movement
of ions, generates an electromagnetic field near the muscle fibers. A recording
electrode located in the field will detect the potential. The shape of the
detected action potential will depend on the orientation of the recording
electrode contacts. The frequency of the action potential will by affected by the
tissue between the muscle fiber and the recording site. When measuring with
surface electrodes, the action potential of several muscle fibers, belonging to
different motor units are simultaneously detected. The resulting signal is a
superposition of all action potentials, where potentials from fibers lying in an
area close to the electrodes will contribute more then the ones further away.

7
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2.3.3 Synapses
Synapses form the interface between two neurons (Fig. 2.3). The arrival of an
impulse at the synapse end of an axon results in the release of a special
protein called a neurotransmitter. The neurotransmitter can influence the
ion permeability of the next neuron or effector cell (for example muscle fiber).
Hereby the impulse can he modified in various ways. The synapse can have
an excitatory or inhibitory effect.

Anvstroms)

Fig. 2.3. The synaps. (From Guyton, 1981)

2.4 Propriaception
Information about the position and motion of the limbs is perceived
primarily through the eyes. There are also sensory receptars within the
muscles, tendons, joints and skin. Information provided by the latter
receptars is called proprioception. The sensory receptars concerning musdes
are muscle spindies and the Golgi-tendon organs.

2.4.1 Muscle spindies
Muscle spindies are sensitive to differences in muscle length and to changes
of this length difference over time. The spindies can be found within the
larger muscle fibers, the so-called extrafusal fibers. The muscle spindies are
lying in parallel with the extrarusals and contain small muscle fibers called
intrafusal fibers. As shown in Figure 2.4, the midsection of the muscle spindie
contains the spindle's cell nuclei, housed in a nuclear bag or nuclear chain
fiber.
A sensory nerve fiber, called Ia afferent, is wrapped around the central region
of the nuclear bag fiber as wellas the central region of the nuclear chain fiber.
This nerve ending surrounding the midsection of the spindie is called the
primary ending. The Ia afferent responds primarily to differences between the
length of the extrafusal and the length of the intrafusal as well as changes in
8
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this length difference over time. When an extrafusal stretches relative to an
intrafusal, Ia activity increases. The increase in activity results in signals being
sent to the spinal cord, where they can trigger reflex responses.
Deseending motor
traffic

Dorsal root
ganglion (sensory)

muscle
(extrafusall
Golgi
tendon
organ

\ Nuclear /~
chain
Primary '
fiber "--_ending

Secondary
ending

Muscle spindie organ

Fig. 2.4. Muscle propriaceptars and their basic circuitry. (From McMahon, 1984)

Another sensory fiber, the group 11 afferent is wrapped around the peripheral
region of the nuclear chain fiber, what is called the secondary ending. Like the
Ia, the activity of the group 11 afferent increases when the extrafusel stretches
relative to the intrafusal. However, the group 11 afferent is less sensitive than
the Ia.

2.4.2 Golgi tendon organs
The other sensory receptor conceming muscle is the Golgi tendon organ (Fig.
2.4). It is highly sensitive to muscle tension. Golgi tendonorgans lie in the
tendons, which attach musdes to the bones. Therefore, they are in series with
the extrafusals. The Golgi tendon organs have afferent fibers, called lb fibers,
whose response characteristics are quite opposite to the muscle spindles.
When a muscle undergoes a rapid single contraction called a twitch, the Golgi
tendonorgans start firing. They usually stop firing when the twitch is over.

2.5 Spinal reflexes
The Ia afferent from the muscle spindie synapses directly onto the motor
neuron for the spindle's extrafusal fiber. This monosynaptic conneetion
allows for the most famous of all reflexes, the simple reflex are. When
9
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impulses arrive from the la, the motor neuron for the extrafusal is excited.
This causes the extrafusal to contract, which in turn relieves the stretch on
the spindle. When the stretch is relieved, the Ia quiets down and the reflex
contraction subsides.
The lb afferent from the Golgi tendon organ synapses onto an interneuron
which synapses onto a motor neuron. This motor neuron stimulates the
extrafusal muscle to which the tendon is attached. Thus the lb afferent
ultimately has an inhibitory effect on the extrafusal muscle to which the
tendon is attached. The inhibitory effect reduces the muscle tension sensed by
the Golgi tendon organ.

2.5.1 Recurrent inhibition
The spinal cord is the site of communication between Ia and lb afferents on
one side and motor neurons on the other. A number of other spinal circuits
allow for communication among neural elements involved in muscle
activation and proprioception. One circuit allows motor neurons to inhibit
themselves, a phenomenon called recurrent inhibition. Recurrent inhibition
is achieved with a special neuron, called Renshaw cell that inhibits the motor
neuron that excites it (Fig. 2.5). Modulating the activity of these Renshaw cells
can affect the sensitivity of the motor neurons.
Deseending influences

-

-<

lnhibitory synap"'
Excitatory synapse

Fig. 2.5. The Renshaw cell and its connections with other
neuromator elements. (From Rothwell, 1987)

2.5.2 Reciprocal inhibition
Another form of interaction within the spinal cord is redprocal inhibition.
This phenomenon prevents musdes from working against each other when
externalloads are encountered. When a muscle is stretched, the stretch
receptors within the muscle are activated. Afferent fibers from the receptors
project not only to the motor neurons that activate the stretched muscle.
They also project to interneurons in the spinal cord which inhibit motor
neurons of the antagonistic muscle (Fig. 2.6). So when one muscle is

10
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stretched, this muscle will contract (stretch reflex), and the opposing muscle is
inhibited.

Stretched
tricel"'

lnhibited
biceps

Fig. 2.6. Redprocal inhibition. (From McMahon, 1984)

2.6 Long-latency reflexes
Another reflex circuit exists, which has a longer latency than the above
mentioned reflex are. In the so-called long latency reflex, the circuit involves
the motor cortex lying in the brain. Neurons of the motor cortex receive
sensory feedback from the muscle fibers they innervate. With such a long
latency reflex the responsiveness of cortically driven musdes to externalloads
can be modulated. The response than depends on the expectation, or other
circumstances of the subject.

2.7 Concluding remarks
This chapter contained some important features of motor physiology. It is
however not conclusive, for it would be too much for this thesis to give a
complete theory on motor physiology. But the subjects discussed in this
chapter will help to understand better what is going on in the muscle during
movementand reflexes. This background information is necessary for
understanding the experiments described in a later chapter.
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Chapter 3: Biomechanics
3.1 Introduetion
In the previous chapter we saw how musdes work and how they are
activated. This chapter looks at all the levels discussed in chapter 2 as a
whole and describes the function of this system: movements. As this
thesis is about movements of arm and shoulder, we will restriet ourselves
here to this segment. First the anatomy of arm and shoulder is described.
The next paragraph focuses on the mechanies of the arm. Finally the
degrees-of freedom-problem is explained and discussed.
3.2 Anatomy of the arm and shoulder

In order to understand movements of the arm, it is necessary to appreciate
the anatomy of the arm and shoulder. Hereby we will neglect the hand
and the wrist as a movable part of the arm. This means that the 'arm' only
consistsof an upper arm that can rotateabout the shoulder, and a forearm
rotating about the elbow joint. The wrist is an extremely complicated joint,
but in the experiments to be described, this joint will hardly do anything.
Therefore this restrietion is permitled for our course.

3.2.1 Bone structure of arm and shoulder
The upper limp structure consists of five bones, whieh are shown if Fig.
3.1. The scapula or shoulder bladeis the flat triangular boneon the back of
the shoulder girdle. On the front part is the daviele or collar bone situated.
The largest bone in the arm is the upper arm bone, called the humerus.
On the shoulder end it has a round head that fits in the joint. On the other
end it forms with the two forearm bones the elbow joint. The ulna is the
inner and longer one of those forearm bones. The other one is the radius,
that is situated on the thumb side.
This structure of bones and joints permits six elementary movements.
First, both forearm and upper arm can flex (bend) or extend. Then the
upper arm can be lifted away from the body, abduction, or towards the
body, adduction. The last two complementary movements are
movements of the forearm called supination and pronation. Supination
means turning the hand so that the palm faces upwards, with pronation
the palm faces downwards.
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1

3
1. scapula
2. daviele
3.humerus
4. ulna
5. radius

Fig. 3.1. Bone structure of shoulder and arm. (From Nijhof, 1997)

3.2.2 Musdes for the upper limb
Even when we restriet ourselves to the arm and shoulder, there is a large
number of musdes involved. It is not necessary for understanding this
thesis to describe every single muscle present in the arm and shoulder.
The most important musdes are shown in Fig. 3.2 - Fig. 3.4. The triceps
and biceps are important because they are relatively big, and they are lying
close to the surface, so they can be measured by surface electromyography.
The triceps consistsof three heads, caput longum, which is bi-articular,
and caput medialis and caput lateralis, both mono-articular. The triceps is
the single muscle for extension of the elbow. The long head of the triceps
also contributes to extension of the shoulder. The biceps consistsof two
heads, caput longurn and caput breve, both bi-articular. So the biceps
contributes toflexion of both elbow and shoulder. The biceps also
contributes to supination of the forearm.
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1. Brachialis
2. Triceps c. longurn
3. Triceps c. mediale
4. Triceps c. laterale
5. Braclûoradialis
6. Biceps brachii
7. caput longurn
8. caput breve
9. Coracoorachialis

\

10. Humerus
11. Radius
12. Scapula
13. Ulria

Fig. 3.2. Ventral musdes in the right upper arm, tagether with their origins and insertions
on scapula and humerus. (From Platzer, 1986)
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1. Triceps brachii
2. caput longurn
3. caput mediale
4. caput laterale
5. Teres minor
6. Teres major
7. Supraspinatus
8. Infraspinatus
9. Brachlalis
10. Brachioradialis
11. Deltoid
12. Biceps brachii
13. Coracobrachialis
14. Elbow
15. Unla
16. Scapula
17. Humerus
18. Radius

Fig. 3.3. Dorsal musdes in the right upper arm, tagether with their origins and insertions
on scapula and humerus. (From Platzer, 1986)
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In the shoulder the two important musdes responsible for flexion and
extension are the peetoralis and the deltoidius. They are both close to the
surface, so suitable for our experiments.

6
2

1. Coracobrachialis
2. Peetoralis major

. _...;..

......

.....,..

3. Biceps caput longurn

·.

4. Peetoralis minor

7

5. Biceps caput breve
6. Deltoid (part of .. )
7. Ciavide
8. Humerus
9. Sternum

Fig. 3.4 .Ventral musdes around the shoulder girdle, tagether with
their origins and insertions. (Frorn Platzer, 1986)

The four musdes we will be measuring are shown in the diagram in Fig.
3.5. From this diagram, originally proposed by Jacobsen in 1973, we can
determine which musdes generate or contribute toa particular
movement. The diagram contains three concentric rings and an inner
circle, representing the bones to which the musdes are connected. The
origin and insertions of a particular musde are indicated on the rings. The
orientation of the musde in the diagram determines its ratio of flexion I
extension to abduction I adduction torque.

17
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lilduetion

rear

flexion

adduc:tion

Fig. 3.5. Circle diagram of musdes involved in our experiments. (After Jacobsen, 1974)

3.3 Mechanics of the arm and shoulder
In discussing the mechanics of the arm and shoulder it is practical to
regard the arm as two sticks connected to each other by the elbow joint.
The stick representing the upper arm is connected to the body by the
shoulder joint which will be considered to beat a fixed point in space. We
will make a further restrietion by regarding only the horizontal plane
through the shoulder, which is still in agreement with our experiments.
Then the system of arm and shoulder can be considered as a double
pendulum in a two-dimensional space, as shown in Fig. 3.6. In this model
we de fine an orthogonal XY-system with the origin in the shoulder joint.

18
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Fig. 3.6. Double-pendulum model of the human right arm. The hand
is included in the forearm. (From Nijhof, 1997)

We can also define a co-ordinate system using joint angles. 01 is defined as
the angle between the upper limp and the X-axis and 02 is defined as the
angle between the upper arm and lower arm. For this system the
equations of motion can be derived with the Lagrange formalism:
..
2
..
•
•
•
•
I;= 01(mi1 + /1 + / 2 + 2m2l1d2 cos02 ) + 02 (12 + m2 ~d2 cos02 ) - 02 (201 + 02 )mi1d2 sm02 ,

Here Tl and T2 are the total external torques around shoulder and elbow
joint, respectively.

3.4 Degrees-of-freedom problem
It is appropriate to take notice of the issue discussed in this paragraph, for

it is one of the central problems for the motor system. The problem lies in
the following: for every movement made by for example the arm, a
number of solutions for the muscle activations are possible. We have a lot
of musdes with tasks which are alike. When a certain force in some
direction is required, there are several ways to achieve this. This means,
there are more degrees of freedom than required to solve the problem. To
get a unique solution for such a problem, we need more constraints. For
example, efficiency could betaken into account in selecting movements.
Another solution could be to rely on the biomechanical properties of the
motor system, for example the gravity. Probably the answer depends on
the demands of the specified task, for example duration and or speed.

19
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3.5 Concluding remarks
In this chapter, we leamed about bone structure and the sites of musdes in

our body. Again, it is nota condusive chapter, but merely a selection of
subjects needed for this thesis. The musdes we will use for our
experiments are described in the previous paragraphs. With this
knowledge we can understand where they are situated and for what
movements we can use them. This is important for understanding the
experiments described in the following chapters.

20

Chapter 4: Experimental setup
4.1 Introduetion
In this chapter we will learn about the BSA, the apparatus used for the
reflex measurements. The BSA ('Bewegings Sturing Apparaat') has been
used for many years. However, some changes took place, so the
description underneath only holds for the experiments described in this
thesis. The second paragraph explains how the muscle activities are
detected by means of surface electrodes. The total setup including the
subject is outlined in the last paragraph.

4.2 TheBSA
In this research, the BSA is exclusively used for reflex measurement.
Besides the apparatus itself, a computer is needed for data acquisition.
4.2.1 Mechanical part

A schematic view of the mechanica! part is shown in Fig. 4.1. The
apparatus consists of a handle, to be held by the subjects, which can move
along a railforabout 50 cm. The handle is attached toa perforated metal
band that is running over two sprockets. A digital position encoder is
attached to one of the sprockets to measure the position of the handle. A
torque motor is connected to one of the sprockets. This motor is used to
generate preloads and force pulses in directions along the rail. The
maximum preload that can be achieved is 70 N and the maximum force
pulse is 600 N. The conneetion between the handle and the metal band
bears three sets of strain gauges, so forcesin three orthogonal directions
can be measured. Forces in the directions of the movement are measured
with a double strain gauge, in order to achieve a higher resolution at low
forces. Because of the powerful torque motor special safety precautions had
to be taken in order to prevent injuries to the subject or damage the
apparatus in unexpected circumstances. Therefore proximity switches
were placed near both endsof the movement trajectory. If the handle
passes one of the switches, the input of the torque motor is short-circuited.
This results in a powerful braking of the movement by the self-induction
of the motor. The height of the handle with rail can be adjusted, so the
apparatus is suitable for people of different length.
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adjusting height

Fig. 4.1. The BSA.

The movement of the handle along the rail is not without friction. When
the handle is about to be moved, the static friction plays an important role.
The same holds for the dynamic friction when the handle is being moved.
The direction of the friction force depends on the direction of movement.
This means that the friction force can either be in the same or in the
opposite direction as the force applied by the motor. The resulting force
will differ in twice the friction force in those cases.

4.2.2 Electronic part
The central component of the electronk part of the equipment is a
microprocessor. The system contains programs for cantrolling the torque
motorand for data-acquisition. In total there are four programs with
special fundions available. The program DIO gives the digital value for
the position. The program ADC-test gives the converted value for eight
channels in a graphical marmer as well as digital. The first channel
represents the position of the handle, the others can be chosen to represent
forces exerted on the handle and EMG-signals. lt is also possible to control
the motor in a restricted way. The third program, called BSA is used for
data acquisition. In the parameter option from the menu, the subject
name, sample rate and prelaad value can be entered. The input for the
motor is read from a text file which should have the following format:

22

(-)a b

->

minus (optional): save data;
a: number of steps to be taken;
b: height of the step ( in DAC-digits ), to be

given
with at least one decimal (for example
10.0);

0 0.0

-> end of file.

The program generates a binary output file containing the eight channels.
The first channel contains the position of the handle, the others the forces
and EMG-signals. The data file can be converted into a text file with the
last program, called B2A.

4.3 Electromyography measurement
In chapter 2 we saw that musdes are activated by neurons through
electrical signals. Along the axon of a neuron an action potential
propagates towards the muscle fiber. The post synaptic membrane of the
muscle fiber gets depolarised. This depolarisation propagates along the
fiber in both directions and generates an electromagnetic field near the
muscle fiber. An electrode inserted in the muscle could detect this field. In
case of a reflex, all motor units of a muscle get activated simultaneously.
When all motor units generate an electromagnetic field it is large enough
to detect with electrodes attached totheskin in the neighbourhood of the
muscle. This is what is done in the experimentsof our research.
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Fig. 4.2. A typical EMG measurement of the biceps.
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The musdes which are measured are alllying close to the surface. The
electrodes used are bipolar ones, separated by 2 cm at most. The signal
from the electrodesis first amplified and filtered and than rectified before
it is send to the computer. A bandage soaked in salted water is wrapped
around the wrist and connected to the earth input of the filter. A typkal
reflex measurement is shown in Fig. 4.2. lt shows that the reflex activity is
well distinguishable from the background activity. The figure is here used
justas an example, it will be interpreted in the next chapter.

4.4 Experimental setup
This paragraph outlines the complete setup for the experiments we have
doneon reflexes in the arm and shoulder. The subject sat in front of the
BSA as shown in Fig. 4.3. The BSA is here used to evoke reflexes as well as
to measure the forces exerted on the handle by the subject. The reflex is
evoked by a force pulse, which can vary in magnitude, but always has a
duration of 50 ms.

~ t:jr-------~-=-rut-m--~-----------l

Computer

Rectifier
andfilter

BSA

Amplifier
and filter

Subject

wiresfrom
recording electrades

Fig. 4.3. Top view of setup.
In order to measure muscle activity, surface electrodes are attached to the
skin on the muscle. There were always four musdes measured. In most
experiments, those four musdes were the biceps, triceps caput laterale,
deltoidius and pectoralis. In the last experiments where we wanted to
measure two heads of the triceps simultaneously, the deltoidius was
omitted. The EMG-signal is let through an amplifier with filter and
rectifier with filter. The subject held its arm in the horizontal plane
through the shoulders. To avoid co-contraction doing this, the arm was
supported under the elbow. The subject had to exert a certain variabie
force on the handle, which was made visible on a monitor in front of him.
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The instruction for the subject was to keep a red dot on the monitor in a
black open circle in the middle of the screen. When doing this, the desired
force was reached. The experimentator had a different screen to select
input files for the motor in such a way that the subject could not see the
input file. If we did not do this, the subject might deduct from the
filename the direction and magnitude of the disturbance.
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Chapter 5: Calibration
5.1 Introduetion
In this chapter, the experiments conceming the calibration of the
experimental setup are described. The BSA was calibrated because the
configuration had slightly been changed. After this, one paragraph is
dedicated to the analyses of the data. This is an important paragraph, for it
is not as straightforward as it may seem. In literature different methods are
used, often without discussion whether the method is valid. It will be
made plausible that the choice of method is very important for the results.

5.2 Gauging of the BSA

The apparatus called the BSA already existed, butsome changes of the
configuration had taken place. A new precise gauging of the BSA therefore
was needed. The programmes described in paragraph 4.2.2 were used.

5.2.1 Gauging of the position-tracker
In order to gauge the position-tracker, the physical distance between two

fixed points near both endsof the rail was measured. At those points the
digital value for the position given by the DIO-programme was noted.
This leads to the following conversion-formula:
position (mm) = (0.0031 ± 0.0001)* DIO-digit,
21142.

with 960 <DIO-digit<

The accuracy of the position-tracker is determined by the following
formula:
2

2

L1x =
x

(~length) +(M_i~it) •
length

dzgzt

5.2.2 Conversion of the strain gauges
The BSA contains three sets of strain gauges for measuring forcesin three
dimensions. The direction along the rail is called the x-direction,
perpendicular to the rail in the horizontal planeis called the y-direction,
and the vertical axis is called the z-direction. All three gauges have their
own conversion formula, which is measured with known masses. The
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program ADC was used. This program shows the digital values of the
forces in the
three directions simultaneously. Therefore, when measuring the strain gauge
in one direction, one could verify that the force applied was indeed in that
direction.
Measuring the strain gauge for the z-direction gave the following conversion
formula:
Fz (N) = (0.088 ± 0.001) * ADC-digit,

with -2048 < ADC-digit < 2047.

Measurement of the strain gaugesin x- and y-direction were performed
with a robe leaded over a pulley. The pulley could be placed in such a way
that the forces in the other directions were zero. The measurements show
that the strain gauge for the x-direction is a doublestrain gauge, with a
higher resolution forsmaller forces. Analysing the data gave the formulas
for conversion to forcesin Newton:
Fy (N) = (0.064 ± 0.001) * ADC-digit,
Fx (N) = (0.238 ± 0.001) * ADC-digit,
Fx (N) = (0.063 ± 0.001) * ADC-digit,
Fx (N) = (0.221 ± 0.001) * ADC-digit,

for -2048 < digit S -542,
for -542 < digit < 630,
for 630 < digit < 2047.

The gauges all appeared to be extremely linear, and showed no hysteresis.

5.2.3 Gauging the Digital-Analogue Converter
The strain gauges were used to gauge the Digital-Analogue Converter
(DAC). The handle was tied tothefoot of the BSA using asolid trap. With
the BSA-programme a series of values between -1500 and +1500 were sent
to the motor. The resulting DAC-value- force relation is shown in figure
5.1. The graph clearly shows hysteresis. The origin for the hysteresis lies in
the friction force of the rail. Figure 5.2 shows a sketch of the situation with
increasing and decreasing forces. The friction force changes direction in
those cases andresultsin a hysteresis of the DAC-graph. Measuring the
friction force with a pull-spring showed that the friction force is indeed of
the order of 10 N, which matches with the gap between the two lines. The
resulting conversion formulas for the DAC are:
Fmotor (N) = (-0.114 * DAC-digit + 3) ± 2,
Fmotor (N) = (-0.115 * DAC-digit - 5) ± 2,

increasing force
decreasing force.

The DAC-value was varied between the values -1500 and +1500.
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Fig. 5.1. Force-DAC value relation.

movement

a.

Fres = Fmotor - Fmction

movement

b.

Fres =Fmotor + Fmction

Fig. 5.2. Resulting forces for situation with increasing force (a.) and decreasing force (b.).
Fmotor indicates the force applied by the torque motor, Ffriction is the friction force caused by
the rail. The change in torque motor force is indicated by dFmotor. Fres is the resulting force.

5.2.4 Response to step input
To exploit the behaviour of the motor, its responsetoa step input was
measured. The input file which was send to the motor contained a step
profile with a height of 50 N. The resulting force measured by fixing the
handle to the BSA is shown in Fig. 5.3. The result has been fit to an
exponentlal function with a eosine. The result of the fit is:
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F: = 50 · exp{-~ 0 ) · cos(0.20t -15) + 49.
This means that the eigen frequency of the motor is 0.20 rad per second
(11.5 Hz) and the time constant is 30 ms. With this time constant it would
be difficult to create a pulse of 50 ms, the width we want to create for our
reflex experiments. In the next paragraph is discussed how we managed to
create an acceptable pulse.
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Fig. 5.3. Response to step input.

5.2.5 Creation of pulse shape output
The aim of this research is to study reflexes. In order to do so, we must
generate reflexes in the musdes of the subjects. We used the BSA to do
this. The subject is asked to exert a certain force in the direction along the
rail. This is done by keeping the stick at a fixed position against a force
generated by the torque motor of the BSA. This force is what we will be
calling the preload. After a few seconds, the motor offers a pulse-shaped
force on top of the existing preload. This unexpected disturbance will
stretch the muscle, and generate a stretch reflex. Ideally we want to present
the subject the pulse profile with vertical sides. However, the motor can
not produce such a profile, for it has a finite time constant.
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Fig. 5.4. Input profile for the motor for generation of a force pulse.

We know that the time constant is 30 ms. When we want togeneratea
pulse with a width of 50 ms the sides of the pulse must he less steep, to
prevent overshoot. The profile that was used is shown in Fig. 5.4. The
height of the pulse could he 70, 90 or 110 N, in the figure a height of 90 Nis
shown.
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Fig. 5.5. Resulting profile for a pulse input. The solid line
indicates the input profile shown in Fig. 5.4.

The resulting output profiles for all three amplitudes are shown in the
next figure, Fig. 5.5. Each amplitude was measured twice, but the results
could not he distinguished from each other by sight. The three output
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profiles are shown in the same diagram to test whether the height of the
pulseis linear with the value send to the motor. The preload was 20 N.
The profile shown in Fig. 5.4 is also plotted in the diagram for comparison.
In the figure we can see that the actual amplitude is higher, 110, 130 and
160 N. This means there still is some overshoot. The amplitude is fairly
linear with the value send to the motor within the accuracy range. After
the pulse, the profile is not well defined anymore. This can not be
prevented with a pulse width of 50 ms. The outcome of the resulting force
can not be predicted anyway, because of the friction force. The friction force
changes sign when the movement of the handle changes direction. This
change of direction does not happen at a fixed time, but depends on the
subject, on the magnitude of the reflex and other non-controllable
parameters. However, we are primarily interested intheshort latency
reflex, which is initiated at approximately 50 ms. At this time we do not
have to deal with the shape of the force anymore.

5.3 Data analyses
The way EMG-data is recorded was explained in chapter 4. However, how
to process this data is not trivial, so we will discuss some methods in this
paragraph.

5.3.1 Presentation of data
There are a few things to consider, when dealing with data analyses. First,
we have to determine how to present the data. This means which unity is
used among the vertical axis in the EMG-time diagram. When the values
obtained by the computer are used, it is important to notice that these
values mean nothing on its own. They can only be used to compare EMGsignals in one musde, during one trial. This is because the value will
change when the electrodes are positioned slightly different. So these
values can not be used to compare quantitative data among subjects,
musdes or even measurements at different days. Smeets ([13]) accounts for
this problem by transforming the data into Newton, using the isometrie
EMG-force relation. This relation is measured at the start of each trial by
measuring the average EMG of one musde, when the subject is asked to
exert a certain force with the hand in an isometrie configuration. It is
important to realise that this method is only a way to make the data easier
to compare, for there is no fixed relation between the EMG and the force
exerted by the hand. For instanee the force could be obtained by activation
of different musde combinations. Moreover, there is no guaranty that the
EMG-response is the same for reflex activity as for voluntary isometrie
contraction. Another practical consideration is the measurement of the
EMG-force relation. This is done quite easily for the biceps. For the triceps
or the shoulder musdes, however, it is much more complicated. This is
because it is more difficult for the subject to activate those musdes

32

Calibration

individually. Therefore, the EMG diagramsin this thesis are presented
with values obtained directly from the computer. The data for the biceps of
one experiment were transformed into Newton in order to average data
obtained in different trials.

5.3.2 Definition of reflex-latency
Another point concerning data analyses to consider is the definition of the
latency of a reflex. When looking at the EMG-time diagram, the reflex
peak can clearly be distinguished. The question here is: Where does the
spike begin? Lacquaniti and Soechting ([5] and [6]) first defined the baseline
activity as the average EMG-signal over the 100 ms preceding the pulse.
Than they compute its 95% confidence limits, which is twice the standard
deviation added to the average. The point where the EMG-signal exceeds
the upper threshold is called the latency. Although the choice of two times
the standard deviation seems to be rather arbitrary, this definition sounds
acceptable. There is a practical drawback however. The shapes of the EMG
baseline activity and spike are not fixed. There are trials where the EMG
does exceed the limit but where there is clearly no spike present. So visual
control seems to be necessary in order to find the point where the spike
exceeds the limit. This makes it a very time-consuming procedure.
Another method is to determine where the spike reaches its maximum
value. There are physiological objections to this method, because when
the spike reaches its maximum value, some action already took place. In
this thesis where we are merely interested in the magnitude and the very
existence of a reflex rather than its latency, we will use the point of
maximum reflex activity as a representative of latency.

5.3.3 Definition of the reflex amplitude
The last consideration involves a measure for the magnitude of a reflex,
the reflex amplitude. If we want to do some quantitative evaluation of the
EMG-data, we must define a measure to quantify the data. There are
several procedures used in history to do this. In this section we will see
that this procedure is very important, for the results depend on this
choice. There is one similarity for all methods. The background activity is
distracted, for the reflex activity is an extra activity on top of the already
present background activity. Lacquaniti and Soechting called this the
baseline activity and calculated it by averaging the EMG-data over the 100
ms preceding the onset of the pulse. Smeets used the term background
activity, and took the average of the first 200 ms preceding the onset of the
pulse. Because the latter seems to be more accurate, this is what is done
with the data presented in this thesis.
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One way to define the reflex amplitude is simply take the maximum value
of the reflex spike. This is the easiest and fastest method, but also the least
accurate. Another method is to calculate the surface undemeath the spike.
With this method, the shape of the spike is accounted for in the following
way: a wider spike will get a larger value as well as a higher one. The
boundaries for calculating the surface must be determined. Those
boundaries can be fixed values, which saves time, but can also be deducted
from the latency described in the previous section.
Surface reflex
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Fig. 5.6. Three different ways to analyse data give different relation
for the reflex amplitude and the preload.
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A third method is to average the EMG-values over some time period.
Again the boundaries for this time period will have to be determined.
With this method a wider spike, which has more lower values in the time
interval, will get a lower value for the amplitude in contrast with the
higher value in the earlier mentioned surface method. This already makes
it clear that the choice of definition influences the data. Lacquaniti and
Soechting used one time even another method, they calculated the ratio of
the spike height and the background activity. Fig. 5.6 shows an example of
one set of data analysed with three different methods. The diagrams
contain a restricted amount of points, but it still serves the purpose of
showing the different results with several methods. For the top panel the
surface was calculated with the boundaries calculated with the 95%
interval of the background activity. For the middle panel the same
boundaries were used to calculate the average. In the lowest panel the
percentage is plotted against the preload.
The relation can change from increasing to decreasing. When we compare
the data by sight, the last method does not seem logical. The first few
points get high values for the percentage, because the reflex spikes are
wide. The height however is smaller than the reflex spikes of the last two
points. A higher spike which is less wide gets a lower value with this
method. This leads to the rejection of the last method. The first two
methods give similar results. In our research we averaged the reflex data,
which corresponds with the second method. Because the latency of the SLreflex is very well defined, we used a fixed time interval.

5.4 Measurement of reflex-EMG
Before discussing the actual experiments on reflexes in the arm, some
general features of the EMG diagrams are presented.All experiments were
carried out with the setup shown in Fig. 4.4. The arm was supported under
the elbow to avoid co-contraction and exhaustion. A stretch reflex is
induced when a muscle that is contracted is suddenly stretched by an
extemal force.

5.4.1 Typical EMG measurement
A typical EMG detected with surface electrodes is shown in Fig. 5.7. The
force on the handle and the position of the handle are shown as well.
In the top panel we see the EMG measurement. The reflex peaks are
clearly distinguishable from the background activity. The first peak is the
short latency reflex, with a latency of about 75 ms, the second peak is the
long latency reflex with a latency of 160 ms. The second panel shows the
force exerted on the handle in Newton. The first bump is a consequence of
the force pulse generated by the motor. The force pulse has a duration of
50 ms which agrees with the width of the bump in the middle panel.
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Fig. 5.7. Typical EMG measurement in top panel. Second panel gives the force
exerted on the handle in the direction of the rail. The third gives the
position of the handle in the same time interval.

The height does not seem to agree with the height measured before when
the handle was fixed to the BSA. Now that the subject is holding the
handle, the force measured is the force exerted by the subjeet's hand. We
see that the handle is being moved shortly after zero. The measured force
is thus less than the force of the motor, for the resulting force generated
the movement. After this bump, the force increases, resulting in the
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change of direction of movement of the handle at 160 ms. This could be
the effect of the first reflex peak, for the latency of muscle contraction and
EMG-activity is in the order of 90 ms.

5.4.2 EMG -force relation
The background activity of the EMG signal depends on the pre-load
activity in the muscle. When more motor units are activated, a higher
level of EMG signal is acquired. This relation can be seen in the EMG-force
diagram, where the EMG signal is drawn as a function of the force exerted
by the subject. It is important to realise that an isometrie relation is
obtained in this way, soit will not be the exact force generated by one
muscle. Fig. 5.8 shows the EMG - force relation for one subject. The
relation is similar for other subjects.

EMG ·Force relalion, subject EJ

Fig. 5.8. EMG-Force relation for one subject.

When larger forces are applied, the noise gets larger too, which results in a
wider distribution. In the range shown in the figure the relation seems to
be linear. This will not be the case for higher forces, for there will be a
saturation effect.
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Chapter 6: Experiments
6.1 Introduetion
Smeets ([13]) discussed in chapter 2 of hls thesis the results of experiments
on reflexes in the arm. He found that the amplitude of the stretch reflex
depends on the pre-load activity in the musde and on the magnitude of
the disturbing force that induced the reflex. More concrete, he found that
the amplitude of the short latency reflex (SL-reflex) increases linearly with
the magnitude of the disturbing force and the pre-load activity. The long
latency reflex (LL-reflex) shows a similar dependency, however the
correlation is less. The central aim of this research is to extend his results
to multiple directions of prelaad for different orientations of the arm.
Another phenomenon Smeets found is the possible coupling of musdes
in theelbowand musdes in the shoulder. He found that a reflex occurs in
the brachialis when this musdeis not stretched itself, but when the
peetoralis is stretched. He eaUs this type of reflex a heterogenie reflex,
whereas the ordinary stretch reflexes are called autogenie reflexes. The
second goal for this research is to test whether such a reflex can be found
in the biceps or in triceps too.

6.2 Measurement of pre-load - and pulse-dependency of the reflex
amplitude
6.2.1 ()bjective
In this paragraph the experiments on preload- and pulse-dependency of

the reflex amplitude are described. Smeets used the BSA for his
experiments, however in a different configuration. The experiments here
were carried out to reproduce his results with the BSA in its new form.

6.2.2 Experiments
Two subjects sat in front of the BSA with their shoulders parallel to the
rail. The shoulder angle was 0° and the elbow angle was 90° (both angles
are defined in chapter 3), as shown in Fig. 6.1. The arm was supported
under the elbow in order to avoid co-contraction. The disturbing forces
were 60, 70, 90, 100 and 110 Newton in both directions. The preloads could
be 20, 30 or 40 Newton in the samedirection as the pulse. In one
experimental session all combinations with the prelaad and pulse were
affered to the subject three times. This results in a measurement of the
reflex amplitude for the flexors and for the extensors in a total of 90 trials.
The trials were affered to the subjectsin a random order.
39

Cha.pter6

BSA

u

n
102
\J-----li---·············
Subject

Fig. 6.1. Setup.

The subjects were instructed to maintain their hand at a fixed position,
which was shown on a monitor in front of them. The resulting data was
analysed in the way described in the beginning of this chapter.

6.2.3 Results I Discussion
The results for one subject are shown in Fig. 6.2 and 6.3. In Fig. 6.2 the
relation of the amplitude of the reflex (both short and long latency) with
the pulse is shown. In Fig. 6.3 the results from the same session for the
relation of the amplitude with the preload are shown. The results for the
other subject are comparable. The pictures show that it is very hard to see
any relation at all. There is no clear increase of the amplitude witheither
the pulse or the preload. This does not agree with the results of Smeets.
One possible reason is that the force range used in theseexperimentsis too
high, so we were measuring in the saturation range. The forces used by
Smeets are indeed much smaller, in the order of 10 N. However, the setup
has been changed. The experiments of Smeets were carried out without
friction. Totest weather we are measuring the saturation range, the
experiments were repeated with a different force range. The preload forces
were 0, 10, 20,30 and 40 Newton. The pulse forces were 5, 7.5 and 10
Newton. Another difference with the experiments carried out by Smeetsis
the orientation of the upper- and forearm. The angles used by Smeets are
45° (shoulder angle) and 90° (elbow angle). We want to see if this could
make any difference, so both orientations were measured with the new
force range. The resulting EMG measurements showed hardly any reflex
spikes. Only in the case of the highest preload and pulse there were any
reflexes visible. This means we can rule out the idea that we were
measuring in the saturation range. When we compare the displacement of
the hand in our two experiments with the displacement found by Smeets,
this is confirmed.
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Fig. 6.2. Relation reflex amplitude - pulse for the subject HA.
Both the SL and LL are shown.
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Fig. 6.3. Relation reflex amplitude - preload for the subject HA.
Both the SL and LL reflex are shown.

The displacement in the first experiment was about 3 cm, in the last it was
often not even 1 cm. The displacements found by Smeets are in the order
of 3 cm too. This suggests that the reflex amplitude should not be
displayed as a function of the pulse force, but as a function of the
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displacement When a force is applied without displacing the hand, the
muscle will not he stretched, and there will he no reflex activity. However,
we saw that when the arm is displaced 3 cm, but in a relative long time,
there will not he a reflex either. Soanother parameter to consider is the
acceleration of the hand. Before reconstructing all data in a new marmer,
we checked how the pulse force relates to the displacement and the
acceleration of the hand. This is shown in Fig. 6.4.
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Fig. 6.4. The displacement and acceleration of the hand drawn against the pulse.

As we can see in Fig. 6.4, there is a good linear relation between the
displacement and pulse and between the acceleration and pulse. Therefore
our results would not change when displayed as a function of
displacement or acceleration. Only the values on the axis would be
different. Another parameter that could be of interest is the momenturn
generated in the joint. However, this is also a linear deviation from the
displacement for one orientation. Because we did notchange the
orientation during one session this would notlead to new results.
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In order to get a complete idea of the results the reflex amplitude is
displayed in a 3-dimensional picture in Fig. 6.5. The amplitude is here
displayed as a function of the pulse and preload in one figure. The figure
only shows the results for the SL-reflex of the biceps for one subject. The
LL-reflex of biceps and both reflexes of the triceps gave similar figures for
both subjects.
AR, SL-reflex biceps

200

preload (N)
pulse (N)

110

Fig. 6.5. Reflex amplitude against pulse and prelaad for the SL-reflex of one subject.

Here again is no relation visible. Another point of criticism is the number
of sessions to he averaged. There are only three values included in every
point in the diagrams. This was done because the total session included
already 72 trials in order to measure both biceps and triceps in the same
setup. To get an idea if this is an important factor, the amplitudes
measured by subject HA were converted into Newton with the isometrie
EMG-force relation. This made it possible to average data acquired at
different sessions. Fig. 6.6 gives the result for six trials. The EMG signal for
three different pulses is displayed in one diagram for comparison.
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Fig. 6.6. Average EMG signals of six trials for the pulses 60, 90 and 110 N.

The three signals are almost the same. This result supports the idea that
more trials would notlead toa linear relation. However it is difficult to
give a definite condusion based upon this experiment alone. Further
research is necessary in order to get reproducible results.
6.2.4 Conclusions
It was not possible to reproduce the results found by Smeets. The setup

was not completely the same. The setup Smeets used was without friction.
However, the friction was compensated for by force pulses with a bigger
amplitude, which gave a displacement of the same order. The setup in its
present configuration was suitable for the generation of a reflex. If it is the
same type of reflex, which seems to be the case, it should have the same
behaviour, regardless the setup that induced it. The orientation of the arm
was different in our experiments from the orientation used by Smeets.
Again it is not plausible that the orientation of the arm is of influence on
general characteristics of the reflex. Further research is necessary to give a
decisive answer.
6.3 Reflexes in antagonists

6.3.1 Objective
In the introduetion of this chapter we mentioned that Smeets found
another phenomenon in his results. He found that a reflex occurs in the
brachialis when this muscle is not stretched itself, but when the peetoralis
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is stretched. We want to test whether such a heterogenie reflex can be
found in the biceps or triceps. A logical combination totest would be the
biceps coupled with the peetoralis and the triceps coupled with the
deltoidius.

6.3.2 Experiment 1
If we want to test weather a coupling exists, we need a configuration that
does not stretch the tested muscle. The muscle must be active prior to the
disturbance. The configuration with shoulder angle 45° and elbow angle
90° seems to be accurate for this purpose. However, we wanttotest several
orientations of the arm to get a better idea of the phenomenon. Three
different orientations were used, all shown in Fig. 6.7.

BSA

I

BSA

11

6

1
0

I

0

BSA

1

~oJ~

0

contiguration 1

contiguration 2

configuration 3

Fig. 6.7. The three orientations that were used for this experiment.

The experiment was carried out on two subjects. Again the biceps, triceps,
peetoralis and deltoidius were measured. For one subject the lateral head
of the triceps was detected, which is a mono-articular muscle. For the
other subject the long head, a bi-articular muscle, was detected. The
preload could be 10 or 20 N in both directions, the pulse was 70 or 90N in
both directions. The subjects were again instructed to maintain their hand
at a fixed position.

6.3.3 Results I discussion
The results for one subject are shown in Fig. 6.8 - 6.10. The EMG-diagrams
are typical single trial results. The results for the other subject were
similar.
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Fig. 6.8. Typical single trial result for configuration 1.
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Fig. 6.9. Typical single trial result for configuration 2.
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For configuration 1 and 2, the figures show similar EMG-diagrams. A
reflex is generated in the biceps and peetoralis simultaneously when the
peetoralis is stretched. However we can not conclude from this that there
exists a coupling between peetoralis and biceps, for the biceps is a biarticular muscle. When the shoulder is extended, the biceps will be
stretched as well as when the elbow is. The amount of stretch is less for the
same change of angle though. For the triceps and deltoidius the results
show the same behaviour. The other subjeet's results for the biceps and
peetoralis do not differ much. The triceps however showed no reflex
activity. For this subject the mono-articular head of the triceps was
measured, so the triceps was not stretched by flexion of the shoulder.
From this we can conclude that there is no coupling between the lateral
head of the triceps and the deltoidius. This does not indicate directly that
there is no coupling for the long head of the triceps and deltoidius as well.
However, it is not likely that both heads would behave differently. In this
case, the reflex observed in the long head of the triceps is a simple stretch
reflex.

In Fig. 6.10, the results for configuration 3 are displayed. The biceps and
peetoralis in the left panel again are as expected, even as the triceps and
deltoidius in the right. When we take a closer look at triceps on the right
panel, we see a little bump at approximately 70 ms. When the figure is
scaled, the bump seems to be a reflex spike. This is rather strange, because
this means that two antagonistic musdes (biceps and triceps) show reflex
activity at the same time. This effect can notbeseen for the mono-articular
head of the triceps measured at the other subject. The orientation of the
arm, which is straight ahead, leads to one possible explanation. It could be
a mechanism toproteet the joint for it would havetoendure some force
that tries to over-stretch the elbow. If this was the case, we would not see
the effect from a certain angle high enough to prevent this. Another
argument in favour of this theory is the fact that the double reflex can not
be observed for the biceps in the configuration with preload and
disturbance directed to the left (right panels in Fig. 6.8 - 6.10). It would not
be necessary to proteet it in this direction for the elbow has not reached the
maximal position in this direction. It could also be true that this effect only
appears when the arm is actively stretched by means of co-contraction. In
order to find some answers some new experiments were designed.
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Fig. 6.10. Typical single trial result for configuration 3.
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6.3.4 Experiment 2
In this experiment we want to discover if the reflexes in antagonists
appear only if the arm is actively stretched. Therefore, two test

configurations were used, one with an actively stretched arm, and one
with a relaxed, more or less straight arm. In order to discover whether it is
a mechanism to proteet the elbow joint, we also test a configuration where
the elbow angle is even larger. The last configuration with an extension of
the shoulder will give us an idea if the shoulder angle does make a
difference. The resulting configurations are shown in Fig. 6.11.
BSA

1

~oJ.,=.,
configuration 1

contiguration 2

BSA

configuration 3

configuration 4

Fig. 6.11. The orientations of the arm used for this experiment.

This experiment was carried out with only one subject. To get a better idea
if the effect really is significant, each configuration was offered eight times
to the subject. Afterwards all eight trials were averaged. Only one preload
and disturbance was offered for each configuration. The magnitude of the
preload was 20 N and the disturbance was 70 N. The preload and pulse
were both ·directioned to the left or both to the right. In total 64 trials were
measured during the session. The biceps, triceps long head, peetoralis and
deltoidius were measured.

6.3.5. Results I discussion
When the preload and disturbance were directed to the left, which means
that the triceps and deltoidius were active and stretched, there were never
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double reflexes. More concrete, reflex spikes in the deltoidius and triceps
occurred as expected. In the biceps no reflex activity was found.
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Fig. 6.12. Averaged results for biceps and the long head of the triceps.
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For the direction of preload and disturbance to the right, we expect reflex
spikes for the biceps and peetoralis and none for the triceps and deltoidius.
For the deltoidius there were indeed no reflex spikes. The peetoralis also
reacts as expected with significant reflex spikes. The results for this
direction of the biceps and triceps are shown in Fig. 6.12. In configuration
1, 2 and 3 double reflexes appear. Only in configuration 4, where the
shoulder is extended, no double reflex can be seen. The condusion from
this experiment is that the double reflex can not be a proteetion
mechanism for the elbow joint, for it occurs also when the elbow angle is
25°. This angle should be big enough to prevent such a mechanism. The
results seem to indicate that the latency of the reflex in the biceps is
slightly different from the latency in the triceps. However, sametimes the
biceps is a bit earlier, and sametimes the triceps. Moreover, the difference
in latendes is not larger than 10 ms, so the reflex in the biceps can not be a
reaction at the reflex in the triceps or reverse. The results for configuration
4 seem to indicate that the shoulder angle is an important parameter for
the effect. In the next experiment we will do some further research on the
effect of shoulder and elbow angle.
6.3.6. Experiment 3
In the previous section we saw that the effect of reflexes in antagonists

(biceps and triceps) is nota mechanism toproteet the elbow joint. The
effect also appears for largerangles of the elbow. This last experiment was
carried outtotest if there is a maximum value for either the elbow or
shoulder angle at which this effect can be observed. This experiment was
done with two subjects, each in six configurations. The configurations
differed either in elbow or in shoulder angle. The forearm was always kept
perpendicular to the rail. The preload and disturbance were always in one
direction, the direction for which activation of the biceps was necessary.
Every configuration was tested eight times, as in the previous experiment.
We want to test if the effect of double reflexes in antagonists only appears
for the bi-articular head of the triceps, therefore both the long head and the
lateral head were measured. The biceps and peetoralis were also measured.
We have only four channels available for measurement of muscles,
therefore the deltoidius was not included in the measurement this time.
In a former paragraph we saw that the pulse and the displacement of the

arm are highly correlated. For that reason we used the pulse rather than
the displacement as a parameter in our diagrams. For this experiment
however, where we use different configurations of the arm, this relation
does not hold. Here we want to have some kind of measure for the
amount of length difference in a muscle. One parameter that would
correlate is the change of angle in the shoulder and elbow. Therefore, for
each configuration the displacement of the arm was measured. With this
value, the change of shoulder and elbow angle can be calculated. The six
configuration are presented in table 5.1 by means of the shoulder and
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elbow angle. The shoulder angle is indicated with 81 and the elbow angle
with 82, as defined in chapter 3. The changes of both angles during the
pulse are also indicated in table 5.1. A negative change of 82 indicates an
extension of the elbow, a negative sign of 81 indicates an extension of the
shoulder.
Table 5.1: Configurations for experiment 3.
Configuration
91
92

1
2
3
4
5
6

15°
40°
75°
25°
25°
90°

75°
75°
75°
40°
90°
45°

~91

~92

+10
+10
-10
oo
oo
+40

-5o
-40
-20
-20
-30
oo

6.3.7. Results I discussion
The results for one subject for configuration 3 are shown in Fig. 6.13. Here
we see that in all four musdes a reflex can be observed. These are all
significant for the EMG diagrams are averages of eight trials. In the biceps
and peetoralis the reflex is as expected.
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Fig. 6.13. Results for one subject for configuration 3. The diagrams are averages of eight
trials.

53

Chapter6

The reflex in the antagonist does not only occur in the bi-articular head
but also in the mono-articular one. This is a surprising result that is also
true for most other configurations for both subjects.
To get a global picture of the results the amplitude of the reflex spike is
viewed as a function of the change in angles for the biceps and both heads
of the triceps. Because we use the average of eight trials, the shape of the
reflex spikes do not differ very much. Therefore we do not have to
calculate the average EMG signa! for the reflex, but we can simply use the
height. The result is shown in Fig. 6.14- 6.16. There is no relation
observable in all tree pictures. Of course there are only a few points in the
diagrams. The one similarity is the small reflex amplitudefora change in
elbow angle of oo. In case of the both heads of the triceps the amplitude is
even zero for this point. lt is logica! that the biceps has little reflex there,
for it is hardly stretched when the elbow is not extended.
JB, biceps
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reflex
amplitude
150
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50
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Fig. 6.14. Reflex amplitude of the biceps for one subject.
Different patterns are used for clarity.

One could think that the reilexes measured hereare in fact signals from
the biceps leaked through to the electrades positioned on the triceps.
However, both electrades are at least 10 cm apart, and the effect is not seen
with every configuration. This makes it unlikely that it is in fact the biceps
we are detecting. The origin of this effect is not known yet, and further
research is necessary.
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Fig. 6.15. Reflex amplitude of the mono-articular head of the triceps for one subject.
Different patterns are used for clarity.
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Fig. 6.16 Reflex amplitude of the bi-articular head of the triceps for one subject.
Different patterns are used for clarity.

6.3.8. Conclusions
Astrange phenomenon has been observed in the experiments. In certain
configurations of the arm, both biceps and triceps show reflex activity at
the same time. This is a not economical situation for they are antagonistic
musdes which counteract each others actions. The origin of this effect
could not be deducted from the experiments, nor could the behaviour as a
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function of elbow or shoulder muscle. Further research has to be done to
get a more satisfactory explanation.
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Chapter 7: General conclusions
In this thesis experiments on reflexes in arm and shoulder musdes were
described. For this research an apparatus called the BSA ('Bewegings
Sturing Apparaat') was used. The BSA was not in an operating state, we
succeeded in the calibration of the new setup. Surface electrodes were used
to measure muscle activity. This method showed to he efficient for our
purpose, and attractive diagrams were constructed with distinct reflex
spikes.
The goal of this research was to extend the results of Smeets ([13]). His
results for the dependenee of autogenie reflexes on preload activity in the
arm imply that the reflex amplitude increases with the preload activity.
Prior to this research it was already common knowledge that the reflex
amplitude increases with the disturbing force. Neither one of these
relations could he deducted from our results. Although our circumstances
were slightly different, it is hard to say whether that could account for the
discrepancies. We checked whether the applied forces were too high, and
consequently whether the measurements were performed in the
saturation area. This was contradicted by the experiments with lower
forces and by comparison of the displacement of the hand instead of the
force. This displacement was in the same order in our experiments as in
the experiments of Smeets. Another difference was the friction force
present in our setup. However this was accounted for by the higher pulse
forces, which resulted in the samedisplacement of the arm. It is a fact that
the setup was suitable for generation of a reflex, which can he seen on the
EMG diagrams. It is not clear why this reflex behaves differently. A
criticism might he the small amount of points used todeduct the relation.
Every configuration was measured only three times, but when six
measurements were averaged, the EMG signal of the different
configurations seemed to he even more alike. This suggests that more
measurements will notlead to more concessive conclusions. More
experiments might show whether the setup is the cause of the
discrepancies or whether we are dealing with a new phenomenon.
In our research we encountered an interesting phenomenon. It showed
that for certain orientations of the arm in the horizontal plane, a reflex
was generated in both biceps and triceps simultaneously. This is odd, for
those are antagonistic muscles, which work against each other. In normal
reflex activity, the antagonistic muscle is inhibited by a mechanism called
redprocal inhibition (see § 2.5.2). This mechanism is believed to exist to
prevent such a situation. However, it seems to fail for the orientations
tested. The first explanation we considered was that it is a proteetion
mechanism for the elbow joint. This because we first found the

57

7

phenomenon when the arm was in a stretched position, and the pulse
force could 'over-stretch' the joint. Activation of both biceps and triceps
would fixate the arm in that stretched position firmly. However further
experiments showed that the double reflex also occurred in more natural
positions of the arm. From our experiments we can not deduct in what
positions exactly this mechanism appears. We could not tell if it relates to
the shoulder angle or elbow angle. For us it remains an interesting
phenomenon, hopefully future research will help us understand the
matter.
In conclusion, we can say that some interesting results were found. With
especially the results on the double reflexes in antagonists some
foundations were made for future research.
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