Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen



The Van Houten library has removed some of the
personal information and all signatures from the
approval page and biographical sketches of theses
and dissertations in order to protect the identity of
NJIT graduates and faculty.



ABSTRACT

MODELING OF EQUILIBRIUM POINT TRAJECTORY CONTROL
INHUMAN ARM MOVEMENTS

by
Kai Chen

The underlying concept of the Equilibrium Point lgyipesis (EPH) is that the CNS
provides a virtual trajectory of joint motion, regenting spacing and timing, with actual
movement dynamics being produced by interactiorisndf inertia, muscle viscosity and
speed/position feedback from muscle spindles. Tant criticisms of the EPH,
investigators have proposed the use of complexalitrajectories, non-linear damping,
stiffness and time varying stiffness to the EPH elodVhile these features allow the
EPH to adequately produce human joint velocitiesy tconflict with the EPH’s premise
of simple pre-planned monotonic control of movemeajectory. As a result, this study
proposed an EPH based method, which provides aleimpechanism in motor control
without conflict with the core advantages of thgimal approach.

This work has proposed relative damping as antiaddto the EPH model to
predict the single and two joint arm movements.sTaddition results in simulated data
that not only closely match experimental angle daté also match the experimental joint
torques. In addition, it is suggested that this iiedl model can be used to predict the
multi-joint angular trajectories with fast and nainvelocities, without the need for time
varying or non-linear stiffness and damping, butthwsimple monotonic virtual
trajectories. In the following study, this relativdlamping model has been further
enhanced with an EMG-based determination of theualir trajectory and with

physiologically realistic neuromuscular delays. Tiesults of unobstructed voluntary



movement studies suggest that the EPH models wsstie impedance values and
produce desired joint trajectories and joint togjue unperturbed voluntary arm
movement.

A subsequent study of obstructed voluntary armenment extended the relative
damping concept, and incorporated the influentatdrs of the mechanical behavior of
the neural, muscular and skeletal system in théraoand coordination of arm posture
and movement. A significant problem of the studkiasv this information should be used
to modify control signals to achieve desired perfance. This study used an EPH model
to examine changes of controlling signals for armvements in the context of adding
perturbation/load in the form of forces/torques.eTimechanical properties and reflex
actions of muscles of the elbow joint were examinBdef unexpected torque/force
pulses of identical magnitude and time durationenrtroduced at different stages of the
movement in a random order by a pre-programmedggedeof freedom (DOF) robotic
arm (MOOG FCS HapticMaster). The results show thatsubjects may maintain the
same control parameters (virtual trajectory, stiffim and damping) regardless of added

perturbations that cause substantial changes in BMi@ity and kinematics.
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CHAPTER 1

INTRODUCTION

1.1 Objective
This study is an extension of previous studies thl/to the equilibrium-point hypothesis
(EPH). The first part of the study is a brief amebof past and present status of the
hypothesis with suggestions for further developnoénihe EHP theory.

It is well known that the EPH emerged in the ueigaientific atmosphere created
by a group of Russian researchers that is now knawnthe Russian School of
Physiology. The group was founded in 1959 by a sratitician, Israel Gelfand, with the
purpose of attracting specialists in mathematid¢sysigs, engineering, chemistry and
biology to join a multi-disciplinary approach toolagy in general and to the neural
control of movement in particular. Because the Efebulted from the experimental
analysis of the relationship between involuntarweroents elicited by unloading of the
arm and intentional, self-initiated arm movememsatryan and Feldman, 1965), the
hypothesis emerged not by an instant insight but sggtematic theoretical and
experimental efforts triggered by the observatibmwman motor behavior in everyday
situations.

The empirical origin of the EPH is worth emphasigiirrom its conception, the
hypothesis was a straightforward result of thoroagt well-designed experiments. This
may explain why, many years after its formulatithe EPH continues to steadily resisted
attempts to reject it. Another essential resulthef empirical nature of the EPH is that it
is a concise formulation of the fundamentals ofrakaontrol of movements (Feldman

A.G., 2009). Indeed, motor control theories tlgatore these fundamentals may not be



successful. In particular, these fundamentals ehg# what can be called mechanical
reductionism in approaches to motor control. Speadly, it is natural to describe motor
actions in terms of mechanical variables charagteyi motor output (muscle forces,
stiffness, damping, movement trajectories, positiaglocity and acceleration of body
segments) or variables directly related to theny.(eEMG activity related to muscle
force). Mechanical reductionism is based on theurapsion that control processes
underlying motor actions are reduced to programnahguechanical variables. In line
with this assumption is the comparatively recemfggstion that control processes rely on
internal inverse and forward models that prograompmute and specify the EMG activity
and forces required for motor actions. The contisuase of the internal model idea
shows that mechanical reductionism remains popdkispite the fact that it was refuted
in 1965 (Ostry and Feldman, 2003). On the otherdhanalso shows that the basic
notions of the EPH are not as simple as one may tiis a result, the unusual content of
these notions makes it difficult to recognize tma¢chanical reductionism does not
advance understanding of motor control. This Sibumatnecessitates a persistent
clarification of the experimental and theoreticahdamentals of the EPH, which is the
major purpose of the first chapter of this studgisTchapter also shows that the EPH not
only has survived numerous attempts to refuteut,ddso has extended the number of
essential problems in motor control that have ks®wved by it, including the problem of
planning and coordination in the control of mu#igoints and muscles. In addition,
recent developments of the EPH (earlier of thimgeaph) show the reflex intermuscular
interactions and the capacity of the nervous sydtemfluence this interaction, which

are fundamental to the understanding of how theaer system guides multiple joints as



a coherent unit without redundancy problems.

The remaining sections of this chapter are intcia$y related by addressing the
issue of how to advance a model which satisfiectmrol of fast multi-joint movement
with or without perturbations, and the force getieraduring the movement. Among
these sections, the smoothness of movement trejeetas addressed in relation to
stability of movement and force generations. Siigbdf static posture and dynamic
movement implies that any deviation from it evokesistance of muscles and reflexes ,
which tends to restore the initial posture or alithovement. Stability cannot be achieved
unless the neuromuscular system generates posaiuoth-velocity- dependent muscle
forces that resist deviations from the posture amalement. These properties are
characterized by stiffness and damping, respegtiV®garding these important issues in
the EPH, the studies are to explore them step dyy, started from brief accounting of

fundamentals of the EPH.

1.2 The fundamentals Validations of Motor Control Theory in Term of EPH
EPH is more adequately called the threshold coniwdry (TCT). The basic notions of
the TCT are reviewed with a major focus on soluditm the problem of multi-joints in
fast arm movement. Although the TCT incorporategndive aspects by explaining how
neurons recognize that internal (neural) and eatgienvironmental) events match each
other, these aspects, as well as how motor leasgogrs are excluded in this study and
subjects of further development of the TCT hypothesThe study begins with an
explanation of why EPH was chosen rather than otheories in the study of arm

movement control.



Many researchers and scholars have long tried ptagxthe mechanism for the
production of coordinated multiple segment movememathematically and
physiologically. However, an incredibly complexagr of calculations must be made to
model all the variables, known and unknown, invdlwe the production of movement.
For instance, a simple single joint movement ineshaccounting for variables such as
weight, length of segment, torque production focheauscle group involved in the
movement, the muscle impedance to the movementtadl by connective tissue,
paraspinal reflexes, and any external and viscosgigtance to the movement in order to
model the movement accurately. For a multi jointvemaent added complexity arises
from the interaction torque one joint places onthen Adding more complexity to the
system is the idea, developed by Bernstein et Bérnstein, 1967), that the body
possesses kinematic redundancy, or more degredse@om than are needed to
accomplish a movement. Yet, even with the immensmptexity of the system,
coordinated movements can be performed with greaturacy using minimal
concentration. It has become the goal of reseascimerested in this phenomenon to
explain the underlying control strategies emploggdhe central nervous system (CNS)
to create smooth coordinated movement. Meanwhike,BPH drastically simplifies the
requisite computations for multi-joint movementsdamechanical interactions with
complex dynamic objects in the environment. Becatie neuromuscular system is
spring-like, the instantaneous difference betwes® arm’s actual position and the
equilibrium position specified by the neural adivi.e. virtual trajectory) can generate
the requisite torques, avoiding the complex “ineedgnamic” problem of computing the

torques at the joints.



In the 1950’s researchers began conducting expetsmexamining the
relationship between limb force, velocity and tresaciated myoelectrical activity of
human muscle. The majority of experiments were ootetl by performing tasks with
the upper limb under various conditions and in pafens with various levels and types
of motor and proprioceptive impairment. The ratidioa using the upper limb lies in the
specialization of this segment for conducting aataicoordinated movement, Figure 1.1

shows typical experimental setup.

Figure 2. Expermental apparatus for measuring amn trajectones in a
honzontal plane. Ty to Ts are the LED targets. &, and & are, respectively, the
subject’s shoulkder and sibow joint anglas. Movement ot the handle was
measured by way of the potentiometers, P1 and P2.

Figure 1.1 The Typical Experiments Setup
Source: Sainburg, R.L., et al. (2003).

The primary goal of such experiments was to idgntiie length/tension
relationship associated with force production dyrpassive stretch of muscle. The
underlying goal was to explain the mechanism byctheural input to the muscle
changes movement. In 1966, a seminal paper wiiyefeldman observed that when the

elbow was displaced muscles produced a monotoyicaltreasing force with



characteristics that were similar to a non-linearnng (Feldman AG., 1966). In this
paper and in subsequent papers he hypothesizedhtnadENS uses a time series of
functions that define a sequence of equilibriuntestaf the system based on thresholds
(M) of the tonic stretch reflexes of the participgtimuscles beyond which the muscle
produces force. This idea matured into the EquilibrPoint Hypothesis (EPH) of motor
control and is commonly referred to as the lambdadeh Movement is controlled
simply as a change in the activation thresholdshefagonist/antagonist muscle pairs.
Therefore, motion can be generated by the CNS bigriag a series of Equilibrium
Points along the desired trajectory without the dnder explicit computation of
movement dynamics involving all of the variablesaéed previously. The system
therefore responds to perturbations by assessengrtprioceptive information about the
current state of the system relative to the Equilin Point {) set by the CNS at that
time point, without the need for the CNS to modifig Equilibrium Point that form the
virtual trajectory.

In the following decades more experimentation @definement and revision of
Feldman’s Equilibrium Point hypothesis by autharshsas St-Onge, Adamovich, Ostry,
Flash, Hogan, Bizzi, Latash and others. Rather tfmous on Feldman’s original
description of the hypothesis, this introductiom@entrates on some of the more recent
experiments that support this description. As canelpected, there have also been
criticisms of the EPH by authors such as Gottl@izjo, and Lackner. And experiments
that reject the EPH are also to be reviewed. Titesature review will explore an
alternative to the EPH, which has been termed eheefEMG or the internal dynamics

model of motor control. In 1998 and 2005 articlesevpublished by Feldman (Feldman,



1998), (Feldman and Latash, 2005) and his colleagesewing both the criticisms and
the alternative models to the EPH respectively. s€haarticles addressed the
misinterpretation of the EPH. This literature revieakes the form of a point/counter-

point in an effort to describe the opposing viewshie literature.

1.2.1 A Mathematical Basis for the Equilibrium Hypothesis
In 1966 Feldman (Feldman AG, 1966) first describiesl neuromuscular system acting
on the human elbow joint as having similar charéties to a non-linear spring. He

described the relationship in the following equatio

Fhand = a(expb(x(t) = x)A(t))] -1 (1.1)

Where Fhand is the force at the hand, a and bargtants, x is the length of the
muscle and X (also commonly described as jajtis the threshold length of the muscle
beyond which the muscle will produce force. Usihg tequation, he hypothesized that
change in position of the end effector is acconglisby modulating the threshold length
(A) of each muscle of the agonist-antagonist musaie Many revisions of this equation
have occurred in subsequent publications but tbeeafentioned form of the lambda
hypothesis remains the central component of mestions.

In the Feldman’s theory (Feldman, 1986), Wheis the joint angle andl is the
static threshold of the muscle, of which orlyis controlled by central commands.
represents the point at which the IC curves devitem the passive curve and tonic

activation of the muscle begins. Other parametarsh asT, 6 and the level of muscle



activation, are not directly controlled but are giynby-products of the interaction of the

muscle with the specifiedand load characteristics.

Muscle activation threshold (A*) and its components

™
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Muscle is active if
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x — actual muscle length; A" — threshold muscle length:
A=A -pwv + p+ )
A, L — control variables
W — time derivative of the muscle lengih
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Figure 1.2 Graphical Explanation of EPH {(arhreshold control of muscle activation in the
Amodel. Note that the activation threshold)(has a componenf) that is determined by central control
influences that are independent of propriocepteedback as well as components that are dependent on
( Cited form Asatryan and Feldman 1965; Feldman6lo9®). The Joint Compliant Characteristic (JCC)
curve is the sum of the invariant characterist€) (€urves of the pair of antagonist and agonistatess
(flexor and extensor) controlling the joint. Theercept of this curve with the position axis reprgs the
reciprocal command (R), which is the Equilibriumief the joint when no external loads are actingt.

The slope of the curve that is the stiffness ofjtiat, represents the co-activation command (C)



In the control of antagonist and agonist pair ofsoies in a joint movement, the
force-length relationship of a pair of antagonistseies action around a joint is defined
by the joint compliant characteristics (JCC) cutkiat is the algebraic sum of the IC
curves of the two muscles. In the Fig.1, curvelmacharacterized by its slope (C), which
represents the static stiffness of the joint, asdintercept with the position axis (R),
which represents the Equilibrium Point of the joiwiten no external loads are acting on
it. To control joint position, central commands caather define a pair of IC curves by
specifying Lax ,Aex), Or can directly define the JCC curve by spendyfR,C). These two

sets of control parameters are related by theviatig Equations:

1 (1.2)
R :EH/]ext +/]flx)

C =2 When = An) -3

R represents the Equilibrium Point of the joint whe external forces are acting
on it, and C represents the stiffness level of jtiet at the position indicated by R
(Latash et al., 1991).

Descending command controls voluntary movementpegifying a time pattern
of the control parameters. A time pattern of R espnts the virtual trajectory, a pre-
planned quasi-static movement trajectory definethlbydescending commands. The time
pattern of the C commands represents the profiteestatic stiffness of the limb at each

point during the course of the movement.

1.2.2 Experimental Evidence for the EPH
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Hogan (Hogan, 1984) and Flash (Flash, 1985) predemmathematical model to predict
gualitative and quantitative features of a clasgabfintary movements in the upper limb.
The model was based on observations of both umpeduand perturbed large amplitude
voluntary single plane elbow movements performeishtermediate speeds by intact and
deafferented monkeys. The model was confirmed baseskperimental observations of
human subjects performing unconstrained voluntany emovements in the horizontal
plane.

To create the model, a differential equation ismiolated to relate endpoint
position to neural activities, while minimizing thate of change of acceleration of the
movement. Therefore the goal of the model is tater¢he smoothest possible movement
of the endpoint effector given the inputs. Thisdelois kept simple and generalized by
asserting that the differential equation represtrgsvirtual trajectory independent of the
physical system generating the motion. The moselinique from previous models
because it requires no assumptions of linearitywéeh muscle force and length, which
though used commonly in previous models, are phygically untrue. In this simple
model only inertial, viscous and elastic coeffitgeare needed parameter values. The
value for each of these parameters was taken frparenental measures.

Despite the simplicity of this model, trajector@®duced accurately match those
of Bizzi (Bizzi et al., 1982), (Bizzi et al., 1984(Bizzi, 1987) given identical initial
parameters for single joint primate movement descriin Hogan (Hogan, 1984). In
Flash and Hogan (Flash and Hogan, 1985), it is shthat the model is capable of
accurately predicting multi joint arm movement iantens for both straight and curved

path point to point movements. Hogan (Hogan, 12&@ijits that many different models
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could have been formulated to match the set of xeatal data. The strength of the
model lies in the dynamic optimization using aemin function. Hogan (Hogan, 1984)
chose to minimize jerk in his criterion functionhd minimizing jerk criterion has been
shown to successfully model eye movements, muhijomovements of the upper arm,
and jaw movements. Other successful models of mdieve showed minimizing snap
produces adequate predictions of observed moverfidash and Hogan, 1985). A
criterion function based dynamic optimization ofvement trajectories supports the idea
of hierarchal planning of movement. This theorygesgis only the ideal trajectories of
the movement of the end effector are planned ahitjeest neurological level. Actual
torques and forces needed to create the movemepiaar of lower level planning. Both
papers conclude by stating that use of a critefumction similar to the one presented
may represent a step toward a unified descriptibrihe organization of voluntary
movement.

The lambda theory states that proproiceptive feekllm necessary to determine
the difference between the virtual trajectory maglehe series of equilibrium positions
and the actual trajectory of the limb. Many studmwe examined the way in which
proprioceptive feedback, specifically in relatianthe stretch reflex, is integrated with
central commands in the generation of electromymgca(EMG) activity and production
of movement. According to the lambda model, “a faBange in limb position is
produced by a rapid monotonic change of the rethegshold X) of the stretch reflex.”
(Adamovich, 1997). Reflex threshold is modified BIWNS commands, but can also be
modified by motor reflex signals from propriocegtifeedback. The lambda theory

suggests EMG activity is only produced if the atteagth of the muscle exceeds the
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threshold length. Therefore this model accounts tfer relatively weak effects of
perturbations on EMG in fast movements, but allofes stretch reflex caused
modifications in EMG patterns in response to strpagurbations defined as those with a
speed equal to or greater than the speed of themmaw. Adamovich et al. (1997) tested
this model by measuring joint torque, movement kiagcs and EMG activity at the arm
during unassisted, assisted, and resisted rapwvetbovements with visual and without
visual feedback. Assisting and resisting torque8-&@6 Nm were applied for 50 ms, at a
latency of 50ms after an auditory “go” command ¢gib the movement. Results showed
this perturbation caused significant deviationstlid velocity and magnitude of the
movement. Onset of the initial agonist EMG butsicéps brachii) was found to be
significantly earlier for perturbed conditions thdar unperturbed conditions, and
significantly earlier in the resistive conditionath in the assistive condition. Also,
significant antagonist (triceps brachii) EMG adiyvivas found to precede the initial
agonist burst for the assisted condition but notlie unperturbed or resisted conditions.
The main conclusion of this study was that modatatof the initial EMG bursts to
perturbations was observed at latency less thanmimémal latency needed to alter
central commands. This is therefore proof of thegration of proprioceptive afferents
from the muscle having influence on the reflex shidd. These findings have two
possible implications for the way proprioceptivedback is accounted for by the lambda
model. First proprioceptive afferents can modife ttiming and magnitude of EMG
activity without changing the central command. Secproprioceptive afferents may be
used to make corrections to the end of a fast mewénn relation to the external

perturbation. Adamovich et al. (1997) made sevasslertions that this study provides
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further evidence for the hierarchal command propgasethe lambda model versus a
central generator model or pulse step model. Ircéméral generator model perturbations
should have no effect on the reflex threshold aMiGEactivity until changes can be
provided from the central generator. As was stéiefdre, the changes in EMG activity
occur too quickly to be influenced by changes inticé command. The pulse step model
is described by an initiating pulse command andgegbent step commands bringing the
system to its final position. This model would mpoédict fast modifications due to short
perturbation times.

Another study presented in Levin and Feldman (Land Feldman, 1994) also
tested the lambda theory suggestion that motoraioat movement is based on stretch
reflex threshold regulation. They tested this higpsts by examining arm reaching in
unimpaired healthy participants and those who lexyerienced CNS lesions resulting in
impairment. They hypothesize that the increasedtarcy signal associated with CNS
lesions disrupt the normal regulation of the refiaxeshold X) and often result in
hypertonicity and spasticity. This disruption idieeed to manifest itself in a decrease in
the reflex dampening in the system. Specificallgytibelieve that CNS lesion may be
associated with “(1) a leftward shift ¥y (2) a decrease in the range of regulation;of

and (3) a change in the velocity sensitivity of theeshold.” (Levin, 1994)

1.2.3 Criticism and Problem of the EPH

The A Equilibrium Point Hypothesis is based on the higpsis that the threshold of the
tonic stretch reflex), is the only centrally supplied control parametescending to the

a- andy- motor neurons for a single intact muscle (Feldni&86). The tonic stretch

reflex is a hypothetical mechanism describing tbmlgined action of all the peripheral



14

receptors (including those from antagonist musctes to a slow muscle stretch. The
threshold)k, marks the point at which autogenic recruitmeng-omotor neurons begins
due to this tonic stretch reflex. Although the #iveld of the tonic stretch reflex is
centrally supplied, the resultant activation leskb-motor neurons due to a slow muscle
stretch is determined by the interaction betweenntiechanical properties of the muscle
and the external conditions (Feldman, 1986).

Starting in the 1990’8 model of the EPH was the object of consideralteciom
from several well respected groups. Gottlieb (&t 1998) systematically and
methodically attempted to reject the EPH offerifigeé reasons why the EPH as
described by Feldman fails to satisfy the requirgimef a motor control theory to offer a
complete definition of control variables, and ruleg which those variables specify
changes in movement features. He argues that thiedia model of the EPH requires
agonist/antagonist muscle pairs have identicaicsgatd dynamic characteristics. In this
way the model is physiologically unreasonable. 8dbg he states that in order to
maintain system stability the necessary valueoiit jstiffness and viscosity are much
higher than what has been determined experimentadigtly, he states that the EPH
suggests movement of the reflex threshold whichagsounted for by changes in
reciprocal muscle activation (R), and makes nongiteto explain the effect changes in
co-activation or system dampening that may havethen “Equilibrium Point”. He
concludes that it is time to abandon this theorfauror a new paradigms.

Dizio and Lackner (Dizio and Lackner, 2001) presdntesearch that seemingly
contradicted the Equilibrium Point theories of matontrol. An arm reaching paradigm

was used to collect details of the motor contraltey with the unique condition that the
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participants were subjected to Coriolis forces poadl by making the arm movements on
a rotating platform. Coriolis forces produced byatmn provided a way to perturb the
system without tactile stimuli. Feldman (Feldma®98) argued that large trajectory
deviations caused by Coriolis forces were the tesfulisual and vestibular confusion.
Dizio and Lackner (Dizio and Lackner, 2001) hypaike that visual or vestibular
confusions were not the cause of deviations diyexdhtradicting the EPH. To prove this,
subjects with vestibular deficits and healthy cohtisubjects were chosen for
participation. Reaching movements were performed eorrotating platform in a
completely dark room to remove visual feedback. ath groups reaches made prior to
rotation were directed in a straight path towafus target, reaches made while rotating
were significantly displaced in the direction faetCoriolis forces, and reaches made just
following rotation were displaced in the oppositeedtion of the Coriolis forces creating
a mirror image of the trajectories made while iotat For each condition both groups
were able to correct deviations after 40 reachhs. Sfudy concluded that deviations that
cannot be explained by the lambda theory of the BRHnot due to visual or vestibular

feedback. The authors offer no explanation or adtéve reason for the deviations.

1.2.4 Defense of the Equilibrium Point Hypothesis
In response to Gottlieb’s criticism (Gottlieb, 1998atash and Jaric (Jaric and Latash,

2000) defended the EPH based on several methodalpgstatistical, and logical

considerations.

» Methodology: The predictions were predicated on assumption on used
unchanged motor commanab(corrections) when the load changed unexpectedly

» Statistics: the interpreter of the data lead toetyperror
» Logic: the basic principles of Gottlieb’s model semconsistent
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To their conclusions, at least one version of theilrium-point hypothesis is
able to handle modest changes in peak velocity @dfiected load. The data presented by
Gottlieb can be handled by this hypothesis at lesstwell as by Gottlieb’'s own
hypothesis, possibly better.

Feldman et al. (1998) also wrote a review artiddrassing some of the recent
attempts to disprove the EPH. He began by distgigng between state variables and
parameters involved in the lambda model. He defstate variables as the variables of
position and their time derivatives. All other \adoies that remain constant or change
independently of the state variables are termednpaters. He states that the basis of the
lambda model is that the control variables or @ntommands in the lambda model
modulate the system parameters only and do natthjireontrol the state variables. Only
a change in system parameters, not a change ia statables will influence the
Equilibrium Point of a system. This concept is ortpnt to dispute those experiments
which concentrate on the characterization of stateéable such as motor output, torque,
stiffness, and EMG in their efforts to dispute thebda theory. It also explains that the
Equilibrium Point of the system is unchanged byemdl loads or external velocities
(state variables) and therefore the lambda thearyle applied to both slow and fast
movements.

The lambda model suggests that the control sigthas underlie the point-to-
point arm movement are monotonic in form. Monotosignals lack points of inflection
and are at all time steadily increasing or decrgpsLatash and Gottlieb (1991) observed
a non-monotonic, “N’ shaped pattern in torque/armgiaracteristics in fast point to point

elbow movements. Feldman cites a Latash’s (1998)ysthat showed changes in torque
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or angle, both state variables, may be non-monotaile changes in the Equilibrium
Point remain monotonic.

Feldman next addresses a series of experimentsctig@lenge the idea of
Equifinality in the lambda theory. Equifinality asees a movement would end at the
same Equilibrium Point whether unperturbed or i pihesence of a velocity dependent
perturbation provided central commands remain umgbd. Lacker and Dizio (1994)
observed positional errors in reaching movementieuthe influence of Coriolis forces
in a dark rotating room, potentially refuting thdea. Feldman argues that Lacker and
Dizio only considered the mechanical effect of éhésrces and not the changes in the
stretch reflex threshold that may be caused dupraprioception of the rotation. In
addition, other findings have also been reportedperturbed movements of healthy
human subjects when they were asked not to intervetuntarily with the perturbation
(Gottlieb, 1994), (Gribble and Ostry, 2000). Whete anoves the hand while sitting in a
slowly rotating room, coriolis forces act on thenaduring the movement, but not during
rest (before and after the movement). The EquiliorPoint hypothesis therefore predicts
that unexpected coriolis forces will affect the gh@af the movement path but not the end
position.

Gottlieb (1998) claimed that the existing versidntlee lambda model does not
address “movement features such as distance, spaddload” (Gribble, Ostry, and
Sanguineti, et al., 1998). Feldman countered tieattovement distance is defined by the
magnitude of the shift, and force and velocity bé tmovement are defined by the

velocity and duration of the monotonic shift in Hduium Point. Feldman emphasizes
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the fundamental non-linearity of neuromuscular esyst in contrast to the linear models
of many of the previously described studies whitlrapted to refute the lambda model.
Criticisms of the Equilibrium Point hypothesis hanexently appeared that are
based on misunderstandings of some of its centt@ms (Feldman and Latash, 2005).
Starting from such interpretations of the hypotbesicorrect predictions are made and
tested. When the incorrect predictions prove fatbe, hypothesis is claimed to be
falsified. In particular, the hypothesis has begjeated based on the wrong assumptions
that it conflicts with empirically defined jointihess values or that it is incompatible
with violations of Equifinality under certain velibgdependent perturbations. Typically,
such attempts use notions describing the contrah@fements of artificial systems in
place of physiologically relevant ones. While agaeng constructive criticisms of the
EP hypothesis, Feldman feel that incorrect integpiens have to be clarified by
reiterating what the EP hypothesis does and doepmualict. They conclude that the
recent claims of falsifying the EPH and the calls its replacement by EMG-force
control hypothesis are unsubstantiated. The EPI4 gvebeyond the EMG-force control
view. In particular, the former offers a resolutibor the famous posture-movement
paradox while the latter fails to resolve it. Haclmdes by directly addressing the recent
attempts to directly attack or disprove the modgher than improve it. He reiterates
several suggestions for critical tests of the wglidf the model that he intends to conduct

in the future.

1.2.5 Equifinality and Equilibrium Point Hypothesis
The term “Equifinality” refers to the ability of system to reach the same final position

regardless of transient mechanical perturbatiomtd(fan and Latash, 2005). Original
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papers on the EPH stated that Equifinality couldbbserved in some cases of transient
perturbations applied during motion of the intaggtem, but it has never been suggested
that this phenomenon must occur under all suclhugEtions (Feldman and Levin 1995).
In fact, Feldman demonstrated a substantially ngaHthal behavior of the human arm
long before other reports of such phenomena. Tiserghtion was made in experiments
in which the arm was initially unloaded and theaded with the same weight. If the
loading was made abruptly, in a step-like manrtes, drm did not return to the initial
position. Using a gradual loading procedure, it vpassible to transform the non-
Equifinal behavior into an Equifinal one. Both tgpef behavior were explained within
the framework of the EP hypothesis (Feldman andirLed®95). Adaptation and
positional errors (nonequifinality) of arm movengmt the Coriolis force field (Lackner
and DiZio, 1994), (DiZio and Lackner, 1995) haveoabeen successfully simulated
using the. model (Feldman et al., 1998).

These simulations show that violations of Equifityalh no way conflict with the
EP hypothesis. This conclusion is not negated byfalet that violations of Equifinality
cannot be explained in mathematical formulationthefEP hypothesis by St-Onge et al.
(St-Onge, 1997) and Gribble and Ostry (Gribble, @0Gormulations by St-Onge et al.
focused on kinematic and EMG patterns of singlatjoiovements and motor learning in
different force fields. Although these formulatiomethodically incorporated the notion
of threshold control of muscles and reflexes, thegplified or even disregarded some
properties of the neuromuscular system. These prepanight be disregarded in the
explanation of the chosen phenomena but could $eng&al when addressing the issue of

Equifinality and its violations in the model.
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The EP is a vector quantity comprising the valuethe equilibrium positions of
individual muscles. Therefore, one should say i#kado influence the existing EP but do
not entirely predetermine its specific locationtle torque-position space. For example,
althoughis do not influence the equilibrium position in isetnic conditions, they do
influence the EP by changing individual muscle aetljoint torques at this position. In
the absence of any load, or in the presence ofaityedependent load, net joint torque
is zero at any equilibrium position. Depending dlarcges ihs and other components of
activation thresholds, the system may arrive deiht equilibrium positions or at the
same equilibrium position while establishing diéfet combinations of individual muscle
torques, so that these steady states will be cteaized by different EPs even in the cases
where the equilibrium positions are the same.

The example in Figure 1.2(a) show that identifythg EP with the equilibrium
position artificially narrows down the set of motiasks to which th& model can be
applied. It is also important to emphasize thatEReis an emergent, non-programmable
property of the system and thed only restrict sets of possible EPs, whereas eifgpe
EP from a set eventually emerges following theraBons of neuromuscular elements
between themselves and with the environment. Iniqodatr, repeating a pattern of
changes irks in the absence of perturbations may lead toréiffeEPs because of the
variability in the non-central components of musatgivation thresholdsp(and f(t) in
Fig. 1.2(a)). This variability is related to thetumal variability of the steady-state
properties of individual neuromuscular elements tedinteractions between them. This
simple analysis shows that themodel does not guarantee Equifinality, even in the

simplest case (during repetitions of movement irigedly reproducible conditions). One
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can only say that, on average, the system willlréhe same final equilibrium position if
the conditions and changesimemain the same.

The above analysis of the basic notions ofithmodel implies that violations of
Equifinality become even more probable in the preseof perturbations. This is
obviously the case when a voluntary movement islenly blocked or when the limb is
suddenly unloaded, bringing the limb to a new elguidm position. In these cases, the
perturbations, not the neuromuscular system, aettlf responsible for the changes in
the EP. Although velocity-dependent perturbatioasnot directly influence the EP, the
basic notions of thé. model do not prohibit an indirect influence of kuymerturbations
on the EP, especially if they destabilize the systas in the study by Hinder and Milner
(Hinder, 2003). Theoretically, transient (particljavelocity-dependent) perturbations
can influence (a) onl¥s, (b) only the steady-state properties of neuraulas elements
and the interactions between them, or (c) both. ifleence may result in a change of
the final equilibrium position (kinematic inequiéiity) or in the final combination of
individual muscle torques without changes in timalfposition (kinetic inequifinality), or
both (combined inequifinality). Indeed, by modifgiffor example attenuating) velocity-
dependent perturbations, one can transform nonfiBguibehavior into Equifinal
behavior. Violations of kinematic Equifinality inehlthy humans were observed by
Feldman (1979), Lackner and Dizio (1994), Hinded afilner (2003) and Popescu and
Rymer (2000). Kinetic inequifinality was observed Bielen and van Bolhuis (1995).
The above arguments show, however, that thesewaisers do not decrease the validity

of theA model.
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1.3 The Internal Dynamics Model versus EPH

In the last 15 years a new hypothesis of motorrobhtas gained popularity. The internal
dynamics model (IDM) of motor control suggests thmatscle activation patterns are the
product of practice and motor learning. In thisaityethe neuromuscular response to a
perturbation is more complex than can be compleggplained using the EPH. Hinder
and Milner (2003) not only designed an experimentdst the previously discussed
principle of Equifinality supported by the EPH, batso introduced their internal
dynamics model in terms of an EMG-Force control atodn their experiment
participants were asked to produce an angular poipbint wrist movement with a target
angular velocity and a constant assist from a ®rgqutor. Participants practiced the
movement extensively prior to the day of testing. tBe day of testing the participants
were asked to perform the same task unaware thdtOfh of trials the assistance level
was reduced by 25 to 100 percent. Deviation frorgetaposition, angular velocity and
EMG of the wrist flexor and extensor muscles wexerded. It was found that deviation
from the targeted final position was proportiorathe reduction in assistance level. This
finding is synonymous with the IDM theory. No chanig the cumulative EMG of the
wrist muscles was found between the fully assisted partially assisted trials showing
no change in the set of central commands as weliocasignificant change in stretch
reflex activity. In addition, the IDM predicts theNS “learns” the necessary muscle
activation to reach the final target for a giversisiance level. Therefore with an
unknown reduction in assistance level, the presgdnmotor command causes the wrist

to fall short of the target as was observed inekgeriment (see Figure 1.3). The authors
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of the study claim that this is the first studylioth disprove a central principle of the

EPH and offer a plausible contradicting theoryhe tormulation of the IDM.

perturbation-EPH
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Figure 1.3 Theoretical Predictions of the Movement Kinematicgler IDM and EPH
Control (Movement under IDM and EPH results in identicalvements after extensive learning
of the control (pre-perturbation) movements (thighe) from Binitial to Otarget, where6
represents the wrist position. On a 100 % torquesked perturbation trial, stretch reflex activity
creates extra flexor torque such that the samé fiosition, 6target, is achieved under the EPH
(dashed line). In contrast, repetition of the feedird motor command under IDM control
results in an undershoot of the target (thin linEptarget-6final, directly proportional to the
magnitude of the torque change.)

Source: Hinder M R, Milner T E. J Physiol 20033563-963.

In a 2005 review article, Feldman and Latash (Feldrand Latash, 2005) again
address recent experiments which attempt to digptbe lambda model of the EPH.
Again experimental evidence against the lambda made viewed as misconceptions
about the hypothesis and flaws in the experimeshg¢gign of these studies are exposed.
Specifically addressed in this paper is the ris¢hefalternative explanation denoted by

the EMG-force control model (also called the ingérdynamics model) promoted by
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Rymer and Popescu (2000), and Hinder and Milne@320This model suggests that the
CNS is directly involved in the specification of EMactivity and muscle torques
obtained from transformations of the desired kintrsavia hypothetical inverse and
forward models of the neuromuscular system intergatith the environment” (Feldman
and Latash, 2005). Feldman’s article methodicallgrasses the criticisms of the lambda
model of the EPH. And he emphasized the validatidaPH in the following aspects.

In an effort to provide simplicity to the theoryet Equilibrium Point hypothesis
has been previously described as a mass springnsysthe EPH is based on a threshold
theory that is fundamentally non-linear. Physiotadly it has also been shown that
muscles behavior is fundamentally non-linear. Tfogeeit is not possible to decompose
muscle force activation into two additive positieslocity dependent components that
are the basis for mass spring models.

Proponents of the EMG-force control model argué tiha stiffness of the system
must be unphysiologically high to generate torqased on a difference between the
actual and equilibrium positions. It is emphasitiedt the EPH makes such makes no
unique requirements in the stiffness and dampewoihghe system. It is stated that
sufficient levels of stiffness and dampening aredeel to promote stability in any theory
of motor control. The authors also attack the methagy used to determine stiffness and
viscosity parameters of the authors who oppos&Rté.

Lastly Feldman and Latash (Feldman, 2003) disdussrterit of the EMG-force
control model as a viable alternative to the EPIgaiA, the EMG-force control model
suggests an internal model of system dynamics iictwtihe CNS directly computes the

torque patterns and muscle activity needed to parfine movement. With respect to
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response to perturbation the EMG-force model suggbe system quickly adjusts by
integrating the new load and computing the necgsgarective torques in order to bring
the system to the desired final position. Yet,cilision at the terminal portion of a
perturbed target based movement as seen in maig @xperiments aimed at falsifying
the EPH, provide more evidence to a deviation fesnEquilibrium Point than for a well
planned systematic correction by the central cdliettoFeldman and Latash (Feldman,
2005) attack the experiments of Hinder and Milngim¢er, 2003) at length, from the
experimental design to the lack of explanatory powd&he authors again urge the
scientific community to cease the attempts to eethe EPH in favor for studies which

attempt to redefine and expand the EPH.

1.4 The Robust and Prospective of EPH
This dissertation uses and expands the EPH bas&d aorerits in the motor control as

listed below:

1. EPH provides a simple mechanism for limb movementrol with its simplicity.

2. The spring-like properties of the neuromusculatesysare applied in movement
control.

3. The EP trajectory can simply be planned, which ilsimmze computation load of
brain/system.

4. EPH can explain complex behaviors, such as expgrdimulti-joint movement
control along with added controlling parameters.

5. EPH incorporates human and animal movement chasagibysiologically.
Therefore, focus of expanding EPH model is abladcommodate the complex
behavior while preserving the simplicity of the EBéhtrol strategy.



CHAPTER 2

DEVELOPMENT OF THE EPH

2.1 Concept Development of the EPH

Suppose the arm replaces each of its muscle bumdthsa pair of opposing elastic
rubber bands, the arm would tend to settle to #mesconfiguration no matter from
where it is released. That configuration is theilgjium Point of the simplest system. If
changing the length-tension properties of the elasbber bands, for example, changes
the resting lengths or stiffness, the Equilibriuoir® of the system will change. Human
muscles share a property with rubber bands in ttatstatic force that they generate
depends on length: the greater the length, theegrtee force.

The activations received by motor neurons, whettiery are from direct
descending commands from the brain or from theadp@flex circuitry, can change the
force-length relation for each muscle, resultingiohange in the equilibrium position of
the system. When we reach for an object, is theoiimatable motion a consequence of a
simple trajectory of Equilibrium Points? Are humamuscles and the associated spinal
reflex circuitry design in a way that makes conwbimotion particularly simple for the
brain?

If the answer is yes, then it implies that manyh& problems inherent in control
of a multi-joint limb, for example, non-linear stadependent dynamics, might be
simplified because of a well designed muscle-refiggtem. Here the study review the
evidence regarding this hypothesis.

If this true, then the question is how the EPH daaip to understand the

movement control in terms of planning and exectiti®@ome researchers (St-Ong and

26
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Adamovich, 1997) suggested tHatregulation may be an essential element of motor
control. Regarding the motor control they introdiitiee equilibrium position hypothesis
to model the non-linear control of motor neuromseshold. Thus the stimulate results of
this non-linear model could be used to stimulatedrhovement of multi joint robot arms
by employing a differert to coordinate the movement of each joint (Che920So the
motor control can be explained by the equilibriuosifon regulation.

One study put forward Feldman’s EP theory and ededrit into the new idea
(Flash, 1987) that the EPH spring models discritesamovement planning from
execution. Motor planning is to program the movettasks by choosing a succession of
discrete Equilibrium Points. Once these points @resen, in the execution phase the
muscle spring moves without further direction un@&tS control (Chen, 2009).

Based on the discussion in the introduction, thisdy is dedicated to the
investigation of how to apply and implement the ERHjiven tasks for the human arm
trajectory control to support evidence validatitg thypothesis rather than arguing it
theoretically. It is known there are few studiesahihhave been done to demonstrate how
the simple EPH mechanism can be applied to cohtnmian arm motions.

This chapter addresses several important concepts @oblems in the
development of Feldman’s EPH theory before the iepipbn. First of all, the study
proposes relative damping to define the trajectdrthe human arm movement by the
proposed control model. Secondly, these modelst@arbe used to investigate the
single/multi joints EP trajectory control with vabile conditions such as loads, movement
speeds and random perturbations induced by thdicamanipulandum (Haptic Master)

along with incorporated physiological parameters.last, recorded data from EMGs,
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position/orientation sensors and robotic manipulamdare used to demonstrate the

accuracy of arm movement controlled by EPH trajgeso

2.2 Modeling of Relative Damping in the Defining oLimb Trajectory
Now there are multiple versions of the EquilibridPeint models, which all have in
common that the moving limb is attracted towardseguilibrium position and posture
(Gribble et al., 1998), (Latish and Gottlieb, 199Micintyre and Bizzi,1993), (St-Onge,
Adamovich and Feldman, 1997). The models differsaerably in how they dampen the
movement. Since the damping parameters play impiortde in affecting the movement
trajectory and velocity profile, a strong dampisgequired to limit the extent to which
the arm overshoots the target.

As the information mentioned above, the obviousfladnbetween the fast
movement and the heavily damped system is solvethéling the parameters in the
model time- or speed- dependent. This was donecgimgl either a pulse step control
(Barto et al., 1999), by letting the stiffness ataimping change during the movement
(St-Onge et al., 1997), by introducing non-linearscie properties (Gribble et al., 1998),
or by introducing non-monotonic shift of the Eqgoilum Point (Latish and Gottlieb,
1991). Those models either have servo-control, hickvposition feedback regulates the
speed of movement, or the use of velocity feedliaeddition to position for the control
of arm movement (Mcintyre and Bizzi, 1993). Howewat these models increased the
complexity and led to the computation being undawabecause the brain will have to
compute some sort of complex inverse dynamics i¢Cand Lackner, 1995), (Gottlieb,

1998).
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In Feldman’s study (Feldman, 1986), he states &adimn of a simple linear
mass-spring model in describing goal directed mam@mis that it generates rather slow
movements when the parameters are kept within lstteaange. Does this mean that
the control of fast movements cannot be approxithbtea linear system under the scope
of EPH? And are there any models can solve theiorad problem with simplicity? The
answer may be the modified EPH model with propossdtive damping, which is
elaborated by this study. In servo-control thedtryhas been proposed that an optimal
controller should control movement velocity in adh to position. Instead of explicitly
controlling the velocity, the study proposed to iifypd simple linear mass-spring model
as an expansion of the EPH. The model added damplagive to the velocity of the
Equilibrium Point (relative damping) beside the ¢amg respect to the environment
(absolute damping). This study’s results (in thepthr on results) show such extremely
simple models can generate rapid single and dgalsiearm movements. The resulting
maximal movement velocities were almost equal tséhof the Equilibrium Point, which
provided a simple mechanism for the control of nmegat speed. Hence, the new
proposed relative damping concept enables us testigate the control pattern of arm
movements by the non-linear model which incorparateural control variables, time-,
position- and velocity-dependent intrinsic muscled areflex properties. Since the
neuromuscular system creates a moveable equilibpasition for a joint without the
external forces, and the joint will approach anakcteits equilibrium position. However,
the multi-joint movements require more complicateshtrol variables, and any major

assumptions which may limit its range of validity.
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In this study, the new concept is the expansiothefEPH model. Two control
variables called Reciprocal (R) and Coactivating (@ntral commands are defined
respectively as the sum and the difference ofitloé the antagonist muscles (Feldman,
1986). R and C are also described in terms of tiheichanical properties, with R being
the equilibrium position of the joint and C itsfstess. In the movement, the theory
postulates the CNS specifies the temporal pattgirtise central commands R and C and
of another central command variable calledvhich controls velocity feedback gain.
Commands C andut provide movement stability and effective energysibation
preventing oscillations at the end of movement.sEheommands, in combination with
peripheral feedback signals, providing angle antbo#y of the joint from muscle
proprioceptors, generate joint torques.

This study proposes the addition of relative dampindefine the trajectory of the
human arm movement. Current literature introduags!Brium Point models and shows
that the moving arm is attracted towards an equulib position (Latash and Gottlieb,
1991), (St-Onge, et al., 1997). However, the modsdsdifferent in how they dampen the
arm movement. The goal of damping is to minimizerslioot and movement without
endless oscillations around the Equilibrium Politite setting of damping parameters can
affect the shape of the movement path and the wgloarve as well. Furthermore, de
Lussanet et al. proposed the concept of enviroretheatative damping (de Lussanet,
2002), by taking two underlying concepts of the ilogium Point Hypothesis: reflexes
contributing significantly to the mechanical belmvof the motor system, and that

reflexes function relative to the desired movement.
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The damping in the existing EP models usually cexadts the joint’s velocity
since muscles have velocity dependent propertiesveider, modeling damping relative
to the environment (joint) is inconsistent withstlioncept. An alternative is a damping
term that acts on the arm’s movement with respethe actual velocity and the desired
movement velocity (the velocity of the EP). de larsst (2002) called the first
(conventional) type absolute damping (in paralléhwhe spring element) and the later
relative damping (in series with the spring elementis relative damping gives the limb
a tendency to move at the same velocity as theliBqum Point, and can be understood
as damping with respect to the EP. Both kinds ahmglag are the same when the
Equilibrium Point is stationary, but they differ @ the Equilibrium Point moves.
Hence, the study evaluated the performance of modi#h absolute and the proposed
relative damping by modeling the movement of alshjgint and multi-joints of human

arm trajectory in the chapter of results.

2.3 Relation between Proposed EP Model and Strategiependent EMG Patterns
From the bioengineering point of view, numerousrakwsensory and musculo-skeletal
units, which can be classified into neurons, remeptmotor units, and muscle fibers,
compose a complex biological system; and this aysktes been considered as an
imperative asset to coordinate and enhance thenactperception, and cognition. From a
mechanical and engineering point of view, the matoits (MUs) can be treated as a
single motor to drive the limb. As for the statyilconsideration, MUs requires position-,
velocity-, and force-dependent feedback by then4daicers”- muscle spindles and other

proprioceptors. Those units receive inputs from nalamt transducers. Therefore,
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guestions have been raised whether control acfionuscles is explicitly computed by
brain with these redundant solutions? It is alssearthe issue as a consequence of
interaction between moving equilibrium positionpgang and stiffness of the arm joints.

Since limb movement is controlled by the explicipecified forces, the approach
of the study remains in the manner of specificatbrihe Equilibrium Point trajectory
and muscle activation, which elicits a restoringcéotoward the planned equilibrium
trajectory. This study assumed that the contralesysused the velocity measured as the
origin of subordinate variables scaling descendammmands. Thus, the velocity
command was translated into muscle control inpatsexond order pattern generators,
which yield not only reciprocal commands, but ateactivation commands, and create
alternating activation of the antagonistic musdesing movement and coactivation in
the post-movement phase, respectively. The vgladmmand was also integrated to
give a position command specifying a moving Equilim Point with sensory transport
delay, muscle activation and excitation time delay.

It is well known that proprioceptive feedback indaanuscle activation when the
motoneurons exceed their threshold, and the musglex system produces torques
depending on the position and velocity of the aoimtg that the muscle span. According
to the EPH, the static component of the torquetjpwsiis referred to as the invariant
characteristic (IC), control systems produce movemedy changing the activation
thresholds and thus shifting the IC of the apprdprimuscles in joint space. This control
process upsets the balance between muscle anchaxterques at the initial limb
configuration and the limb is forced to establisheav configuration in order to regain

the balance. The idea is, the joint angles andrthscle torques generate an equilibrium
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configuration defined by a single variable calleé EP. Thus control systems reset the
EP by shifting the IC. Muscle activation and movememerge following the EP
resetting because the natural physical muscle gpitee property has the tendency to
drive the system to reach equilibrium. Many empirignd simulation studies support the
hypothesis that the control IC shifts and the tesgEP shifts underlying are gradual.

However, controversies exist about the durationsegliences of these shifts, and
how the time delay, which due to these shiftindluence the system performances?
Some studies suggested that the IC shifts ceabethgtmovement; the others proposed
that the IC shifts end early in comparison to thevement duration approximately at
peak velocity. One of the goals of the study wasvaluate the duration of the EP
trajectory underlying fast point to point arm mowath Since the study assumed that the
neural signals are controlled in different levét® study was to evaluate the duration of
the IC shifts timing underlying the point to poi@tm movement in order to avoid the
higher level neural controlling involved.

This study used the model to regulate a fast, stjgght movement, based on the
equilibrium-point hypothesis. Limb movement followsonstant rate shifts of
independently regulated neuromuscular variables. illependently regulated variables
are tentatively identified as thresholds of a langensitive reflex for each of the
participating muscles. The author used the modegirealict EMG patterns associated
with changes in the conditions of movement exeaytispecifically, changes in
movement times, velocities, amplitudes, and momeftimb inertia. The approach
provides a theoretical neural framework for thel¢itegy hypothesis, which considers

certain movements to be results of one of two hagieed-sensitive or speed-insensitive
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strategies. This model is advanced as an altem#tipattern-imposing models based on
explicit regulation of timing and amplitudes of s&ds that are explicitly manifested in

the EMG patterns of Latash and etc (Latash , @bitli 991 b).

2.4 The Role of Neural Feedbacks in Arm Movement Bjectory Control
A single motor units (MUs) can not be responsildethe broad range of muscle force
regulation because of limited capacity of force egation. The system overcomes this
limitation in a natural way, by organizing graduetruitment of MUs (Feldman, 2008).
This opens the possibility of specialization of Makcording to anatomical, mechanical,
reflex and biochemical properties such that thetesysbecomes flexible in grading
muscle forces in relation to the movement exteedpaity, and external resistance.
Although each primary spindle afferent terminatescpcally on all motoneurons of the
hosting muscle (Windhorst's review, 1996), the gfitatransmission and efficiency of
afferent feedback is different for different MUshi3 results in a broad distribution of
spatial thresholds of MUs across the biomecharianfje of the muscle length. To
accommodate, in particular, enhanced stability delwa recruitment of MUs and
resulting force-length characteristic are highly#imear (initially exponential) such that
increasing external resistance is confronted nbt loy increasing muscle forces but also
by increasing stiffness (Asatryan and Feldman, L96bis is achieved by appropriately
increasing recruitment and overall activity of meascpindle afferents and other
proprioceptors. In addition, afferent inputs showldpport already active MUs and
prevent unnecessary recruitment of other MUs witli@asing muscle force. It is unlikely
that these non-linear properties of the motonedrpoal could be met by using a single

proprioceptor.
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A major topic of the review discusses the functlormde of proprioceptors in
action and perception by Windhorst (Windhorst, )99%6deed, his review is a valuable
account of experimental data on proprioceptive lbaedd and spinal networks. However,
it makes the impression that despite numerous esual this subject, many researchers
still have limited understanding of the role of prioceptors in action and perception.
And what specific roles of these feedbacks, sudorag, intrinsic muscle viscoelasticity,
muscle length and velocity feedback, play in the anovement trajectory controlling.
Bearing on the problem, the study needs to furtheestigate the relation between
intrinsic muscle properties and movement condititm better understand the

proprioceptors’ functions.

2.5 The Roles of Intrinsic Muscle Viscoelasticityl.ength and Velocity Feedback
Two important feedback pathways should be addre$sedhe muscle length and
velocity. One describes the intrinsic muscle séffs and viscosity, another describes the
proprioceptive feedback including muscle spindlEse intrinsic muscle viscoelasticity
feedback path does not have a time-delay preseatc@ntribution is a direct function of
the muscle force exerted by the force-length amdef@elocity relation. By increasing
the force through co-contraction, the system wiicdime stiffer and more viscous.
Rozendaal (Rozendaal, 1997) estimated that themadvstiffness of the shoulder was
always below experimental values as presented bgshtlvaldi et al. (Mussa-lvaldi,
1985), or derived from Feldman (Feldman, 1966).sThieans that the stiffness is

dominated by proprioceptive feedback.
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A distinction should be emphasized between theefogeometric and passive
contribution to joint stiffness. If the muscle ferancreases because of the muscle
stiffness or viscosity, this force increases andhen reduced by the force feedback
through the Golgi tendon. Obviously, the geomelrazad passive contributions do not
change, since no increase of muscle force is imeblMhe geometrical contribution is
almost always negative. Increasing muscle forceeases the destabilizing geometrical
contribution. Therefore, Rozendaal (Rozendaal, 189owed that for the shoulder the
force contribution to stiffness is almost canceted by the geometrical contribution.
This means that co-contraction does not add dyréatihe joint stiffness.

Muscle fiber length and contraction velocity arese by the muscle spindle.
Though the spindle is a highly non-linear processbrthe length and velocity
information, the author assumed that the CNS isiolgpof deriving the original length
and velocity. The muscle spindle dynamics must ib@raer of magnitude slower than
the extrafusal muscle fiber dynamics, otherwise gbesor information would be truly
distorted. In addition, the muscle spindle dynane@s be neglected in regard to the time
delay for the feedback loop. Therefore, it is atakle to model the muscle spindle and
neural pathways by a simple gain and a time délashows the most important features
are of the length and velocity feedback, and then@ feedback gains can also be
estimated.

Generally, the desired stiffness can not be obthine the length and velocity
feedback. Only the combination of length, veloetd force feedback results in a system
that can approximate the desired impedance. Howdesmause of the dynamics of the

feedback path (time-delays, muscle activation dyog)nthe stiffness and viscosity are
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not instantaneous properties of the system. Hehee doncluded that force feedback
increases the muscle activation dynamics, whetea$ength and velocity feedback can
approximate the desired stiffness and viscositye Tiitrinsic muscle stiffness and
viscosity due to the force-length and force-velpaielation contribute to the joint
impedance. The increase of the intrinsic muscleogsy is functional in the respect that
the length and velocity feedback gains can increfasther, so a larger range of
impedance levels can be obtained.
The author presented a general model of arm movetragactory control in his

2008 ASME paper (Chen, 2008) without time-delayise Pprinciples of the model were
demonstrated for elbow joint movement control wgloprioceptors feedbacks, and
covered arm movement has been extended to muitsjasystem, which has been
discussed in the chapter on results. The inpuh@itodel is the supraspinal neural input
(virtual trajectory) to the close-loop actuatorj@ant including an antagonist and agonist
muscle). The output of the model is the joint angl@rm. This concept is described in
the ASME paper (Chen, 2008) as relative dampingdfining the arm EP trajectory.

The overall structure of the model system has Iseewn in the chapter of methodology.

2.6 Timing Issues of Neural Control Signals
Because the nature of a muscle-force feedbackmysteludes a time-delay, timing of
the control signals underlying the arm movementnffaoint to point are very important
to make the human movement physiologically. Howgwemme conflicting versions
(Ghafouri and Feldman, 2001) of the timing weregasged in the framework of the EPH

of motor control (Bizzi et al., 1984), (Feldman 889, (Latash, 1993), (Gomi and Kawato,
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1996), (Gribble et al, 1998). In part of the studlie author characterizes these
controversies by using several basic conceptseftRH, staring with the concept that
movement production can be described by two setelafed variables (Feldman 1986,
1995). One consists of kinematic and kinetic motaiput of the arm system, such as the
trajectory of the effectors, angular position areloeity of the arm segments, muscle
force and torque. These outputs depend on thenattenvironmental condition. Another
set of variables consists of control variables. sSehare the internal variables that the
nervous system and spinal cord may use to influémeeutput variables, although the
external environmental conditions remain unchangéese control variables imply that
the nervous system can be an open-loop strategyuement, which means the control
patterns can be pre-programmed and generated imdiepidy of the motor output of the
intentional actions.

In some mentioned motor tasks, Asatryan and FeldfAaatryan and Feldman
1965) found control variables remaining invarisegarding the mechanical perturbations
influencing the motor output, it replied that treactions of the system to perturbations
are determined by the spring — like properties abaes depending on their elasticity,
viscosity, neural activation and electromyograpiEMG) activity modified by
proprioceptive reflexes. Since the EMG activitydkis not the same for different points
of the characteristic but increases according ¢oaltsolute value of the torque generated
by the respective muscles (Feldman 1986) , thelatesgalue of the generated EMG
could give the necessary information about the seces. However, the quantitative
evaluations of the neural signal delay in the arav@ment have not been reported based

on the literature reviews. In the current work, thethor used a modified relative
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damping model with velocity dependent feedbacks¢alel the time delay and projected
the sequence of the delay in the study, the preimyiresults have been published in the

NEBEC 2009 (Chen, 2009).

2.7 Control Variables in the EP Trajectory Planning

Following the idea of EMG activity modified by pnapceptive reflexes, Bigland and
Lippold (1954) measured the magnitude of EMG afstighd showed it belongs to the set
of output, rather than control variables because dhservations show it depends on
kinematic variables such as muscle length and itglocThe other output proposed by
Asatryan and Feldman (Asatryan and Feldman, 1965)hé well grounded static
relationship between muscle force and length, igulr coordination, between the
muscle torque and joint angle. It is well known g§&gan and Feldman, 1965) that
proprioceptive feedback induces muscle activatiohenv the facilitation of the
appropriate motoneurons exceeds their thresholés dtcurs at a specific, threshold
muscle lengthA) also measurable in terms of threshold angleshefjbints that the
muscle spans. In the suprathreshold range, theleatefex system produces position-,
velocity- and force-dependent muscle activation @mdues. It has been shown that the
nervous system changes the activation thresholdpmpriate muscles to shift the static
torque-angle characteristic in the joint spacedfan and Orlovsky, 1972), (Capaday,
1995). Therefore, the static component of thestho&l could be modified independently
of output variables and might be considered a obwariable in terms of concept of the

EPH by Feldman.
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In the present study, the term control variablesemtral commands imply neural
processes that shift or maintain the position efgtatic torque-angle characteristics. To
account for the interaction of muscles with the haggcal environment, the torque-angle
characteristic of the external loads (perturbat@sshe format of external force/torque in
the study) acting on the joint was also investidafehe load characteristic was specific
for each motor task. In addition, the muscle-loairaction essentially depends on
whether or not the system has an equilibrium pmsitFor a joint, this is the position at
which the joint segments may remain motionless avhile balance of muscle and
external torques is maintained. The EP of a jantempletely described by a two-
dimension variable, one component of which is theilébrium position and another net
joint muscle torque at this position (Asatryan &eddman, 1965). In static, the EP can be
visualized as the point of intersection of two istatharacteristics in torque-angle
coordinates, one for the muscles and the othethiotoad acting on the joint. The EP of
several joints of the limb is derived from the widual EPs of these joints. It represents
the two major characteristics of mechanical equiin of the whole limb (Ghafouri and
Feldman, 2001): the set of joint angles descriltiggeometric configuration of the limb
and the set of the muscle torques generated atctiifiguration when the limb is
motionless. In dynamics, the nature of the EP coihcan be illustrated by two examples:
the reaction of the system to a mechanical pertiaband active movement production.
To produce an active movement in the absence ohamécal perturbations, control
systems may shift the IC and thus shift the EP.t Theans the nervous system may
intentionally create a difference between the ahiind the equilibrium combination of

position and torque. In response, the system vatiegate muscle activity and forces
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tending to minimize the difference. In particulayppose that control systems changed
the muscle recruitment thresholds and thus shiftednuscle characteristic.

However, insufficient evidence is available to det@e where and how the
shifting is being planned. Although Matthews, Fetth and Asatryan (1965) proposed
the thresholds of muscles to shift EP in joint gpdlce complex computation of the brain
could overburden the nervous system. Thereforéjrehiplanning and executing are still
unclear in both static and dynamics, but the studyided a simple model of planning
strategy in terms of EP trajectory control, whietisfied both static and dynamics as an

emerged new approach.



CHAPTER 3

METHODOLOGY AND SYSTEM IMPLEMENTATION

3.1 Development of the System
3.1.1 Overview of Experimental System
Feldman said: The tonic stretch reflex is a hypothetical mechanidescribing the
combined action of all the peripheral receptorsc{uding those from antagonist distant
muscles) due to a slow muscle stretch. The thrdshoimarks the point at which
autogenic recruitment ob- motor neurons begins due to this tonic stretcHere
Although the threshold of the tonic stretch reflexcentrally supplied, the resultant
activation level ofa-motor neurons due to a slow muscle stretch isrdeted by the
interaction between the mechanical properties efrttuscle and the external conditidns
(Feldman, 1986).

Therefore, the overall experimental system useithisrstudy should work under
the interaction between the muscle’s physiologixaperties and the external conditions.
The design of the experiments evaluates the endanoeel of the EPH with normal and
fast speed arm movements, as well as under theitmmmddf perturbations. The
experiments include the relative damping and an EBKined virtual trajectory
incorporated into a conventional EPH model to batgresent the feedback loops and
the descending neural signal of the muscle. Theraotion incorporated crosstalk.
Appropriate neuromuscular delays have been addeithetoSimulink model, as have
representations of the unexpected perturbationstlaananipulations. The schema of

the overall system is shown in Figure 3.1.

42
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Figure 3.1 The Schema of Model System

y

In the block diagram of the system, inputs can ¢tea angular trajectories (as
used by de Lussanet) of arm joints by trakSTAR®seen attached on the elbow and
shoulder. EMGs of the muscle are used to identily bnset and offset of simple
monotonic virtual trajectories. That can be used iaput. The HapticMaster
manipulandum generated a perturbation in the foohahposed extra torque/force to the
subject for 120 ms. Function blocks and performamitiebe discussed in the following

sections in detail.

3.1.2 Theoretical Framework and Hypothesis

The study evaluated the performance of models alitbolute and relative damping by

modeling the fast and normal movement of a singlédte joint human arm (see the

Fig.1). This kind of arm flexion movement has fregtly been used to test mass-spring
models in previous EPH studies. Besides being tsedodel whole movements, linear

models can also be applied to a limited range mdralinear system (Bennett, 1992) and
by a N-shape virtual trajectory (Latash and Gditli#991). In the second part, the study

modeled the differences between the non-perturbddoarturbed movement. The effect



44

of perturbation has been investigated in differ@miplitudes and in different movement

stages.

3.1.2.1 Model with Relative Damping

The study derives the equations for the extenddd EBdel with spring like property.

Let's suppose‘go(t) to be equilibrium position anf® pbe the arm’s actual angular
position. Their time derivatives, angular velociyd acceleration, are represented with
one or two dots over the variable respectfully. Thigerential equation with absolute

viscous damping (B) and moment of inertia (1), atitiness (K) is:

| 6+ BO+K (6, -6,) =0 (3.1)

and for relative damping

| 6+ B(6i— o) + K(6, - 6,) =0 (3.2)

The configuration must enable the system in a stafuilibrium point condition,
so K>0, B>=0, and 1>0. The simplified equatiomdae achieved by dividing all

parameters by | and defining new constantsndk, this yields for absolute damping

6+bO+k(6, - 6,) =0 (3.3)

And for relative damping:
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6+ b(6, - 90) +k(6, -6,)=0 (3.4)

In order to find the solution for equation (3.3)da(8.4) for the movement at

constant velocityd(t)=6, +6t . With boundary condition®(0)=6, and 6(0)=6o, the

solution can be written for the under-damped camwlitk >b? /4) as

' u
6, :got +50_e—t/r((50 G,) cos(t) +( 9t0 60 (35)

~ o )sin(at)
wr

In this caser=2/b and w:‘/k_%bz

As for the over-damped caske<b? /4) is

. O
6 =60t +6,- ((90 etO)Tz +90 6, )e_tlrl i T ((‘90 9t0)T1 +‘90 to)e_tlrz (3.6)
17 17
In the case%:lm %bz -k and T—_Eb—,/—b2 k , equations (3.5) and (3.6)
1 2

are valid for both absolute and relative dampingy. &solute damping?zo =6y —(E) 8o,

whereas for relative dampin?gu =6y, . Equation (3.5) is the equation for a gradually

damping out oscillation, and Equation (3.6) corgaithe sum of two exponential

functions that both approach zero, but at differates.

3.1.2.2 Overshoot of Relative Damping Model
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The model with relative damping for a single jomdvement predicts that the target will
overshoot even in the over-damped case, and forctse all equilibrium arm movements
mathematically, damping and stiffness parametersassumed to be positive. The model
is linear, the trajectory does not change withtarget distance. For simplicity the target

distance are set at 1 radian in the preliminarghstdssuming the equilibrium movement

time ist, , while the Equilibrium Point moveseozti. The initial values
q

are,, =60 = 6,,=0. From Equation (3.6), when the Equilibrium Poieaches the

target at timet , the end point of arm has position and velocity,

6,(t,) :Pil(eﬁm _elmy (3.7)
171, tq
it =2+t Lrer -ret) (3.8)

In the definition 0<7, <7, <0 while b>0, and 0<§,(t,)<1 to ensure

reaching the target before the Equilibrium PoirésiAfter the Equilibrium Point reaches
the target, it remains there. The end effector dhawll either slowly approach the target
(but never reach it), or it will shoot past thegttrand return back. If there is always
overshoot, the timaalgel(when end effector reaches the target) must bemilie range

(t, <t

<), regardless the values of b, k andAfter time t_, the Equilibrium Point

target
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g, =1 and§, =0, therefore

et (ttarget) = q = l (39)

So Equation (3.6) substitug @4, =46, (t,) and 6%@6?0 :Q(tq)as given in Equation

(3.7) and (3.8), the Equation (3.6) becomes

1 1 1-gl/n
expl (t o —t ) (= ——) = =———— 3.10
p{(t get q)(z_1 7_2)} 1_etq/1—2 ( )

Then

_¢ 4In@- e M)~ Inl-e™'?)

= 3.11
target q 1/1_1 _1/1_2 ( )

From Equation (3.11) the calculateg,, for positive damping (b>0) ranging

from lim tot

tho’ target

=t for lim

"

__In(@, /1))

target _1/ Tl_]./ , (312)

These results suggest fO<r, <7, <, there is a time, <t .. <c when

0, (t,.qer) = 0. That means there is an overshoot for all movemerits positive relative
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damping.

3.1.2.3 Kinematics Equations of Double-joint ArniMlovement

Joint torques were calculated for shoulder andwvelbging the equation listed below.
Robertson’s Equation of motion for Upper Arm usedhe forward model

(It +m L¥)a; + myLrd (a_cos( 6, —6) - wlsin( 6, - 07)) +
(mydy + m Ly)(ay cos €1 + (ay, + g)sin ;) =0 (3.13)

Robertson’s Equation of motion for the Forearm Arsed in the model

I a, +m.d, (Lras cos@, —6;)+Lrw?sin@, - 6;) +a,, cosl, + (any +9)sing ) =0 (3.14)

Sainburg’s (2003) two-segment link arm model has éleen used to evaluate the
arm dynamics, and equivalent performance has bebieveed as Robertson’s arm

dynamic model.

3.2 Hardware Implementation of the System

3.2.1 EMG System

A Grass Technologies® Model 15LT Bipolar Physiodataplifier System was used in
the study. The Model 15A54 Quad Neuroamplifiersrfr@rass are designed specifically
for neurophysiological measurements. The 15A54exésnded high frequency response
to 6 kHz. The detailed information of the systertigted.

Description: The Model 15LT completes with medical-grade #petions. The 15LT is

exceptionally compact, designed to sit directlyema standard notebook style computer.
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All amplifier functions are computer controlledcinding individual amplifier gain, low
and high filters, calibration, and other specializinctions like electrode test. A
Windows 98/2000/NT program, Link15, is included éantrolling all amplifier functions
and saving/recalling setups. The 15LT can alsods#lyecontrolled from user software
with simple ASCII command sequences (Grass Teclgresp2010).

Electrode Test Function Standard A built-in Electrode Test function provides an
accurate assessment of electrode contact qualityputi disconnecting the subject — even
while recording. A Trace Restore function is alscluded for returning all amplifier

outputs to zero (Grass Technologies, 2010).

3.2.2 trakSTAR® Position Measurement System

Angles of the upper and forearm of subject are nreasusing two trakSTAR sensors.
The trakSTAR is an electromagnetic 6 DOF electraméig position/orientation motion
tracing system. Segment angles can be measureduivkhowledge of the center of joint
rotation with an accuracy of ~ .5 degree at100 é&s#second. Note that Flock of Birds
(FOB) and trakSTAR are using the same technology,the sensor sizes are different.
They were all made by Ascension Technology Corpmmain the study, FOB were used
in the preliminary study, and trakSTAR sensors wesed in obstructed elbow movement

with HM.
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3D Guidance trakSTAR™

Class 1, Type B Applied Part

< ] i
Lo T P— trakSTAR

LN T

Desktop skectronics unit tracks
muitiple sensors simultaneously

Track Objects with New Magnetic DC Technology

» Fast, dynamic tracking — 240 to 420
updates per second.

= Miniaturized passive sensors — outputs
unaffected by " power-line” noise sources.

= All attitude tracking — no inertial drift
or optical interference.

» High metal immunity — no distortion from

non magnetic metals.

Ascension

ecﬁ. l ﬂ z E L Magnetic field transmitier options for mid and short-
Tracking 20 Worlds range tracking

FAST PORTABLE AFFORDABLE

Figure 3.2 trakSTAR Device Introduction from Ascension Teclugy

Source: Ascension Technology Corporation Officiaite.
http:// www.ascension-tech.com/medical/pdf/TrakStacSheet.pdf, accessed November 28, 2010.

An Application Programming Interface (API) in MATLB\ has been used in
communication with the tracker using the Ascensi®R®232 interface protocol. No
software or driver was required to install excepATMAB. First, the transmitter and
sensors have to be aligned to collect data in thgireld orientation, and the data
collection program needs to be set up into theirsalisor mode when multiple sensors
have been used in collection. The sample rate &éas tipled in the multiple sensor data
collection, which needs to be divided by three @bthe correct amount of data. Custom
MATLAB software was written to synchronize the eailion of up to 4 channel of EMG

data (agonist / antagonist muscles, shoulder @wh@land two trakSTAR sensors. EMG
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signals from the Grass Amplifier are acquired ad@@amples/second via a National
Instruments 16 channel data acquisition board, teactkSTAR data is read via a serial

interface.

3.2.3 FCS HapticMASTER Measurement
The HapticMASTER (HM) is a 3 degrees of freedonn¢éacontrolled haptic interface. It
provides the user with a crisp haptic sensation taedpower to closely simulate the
weight and force found in a wide variety of humaskss. The programmable robot arm
utilizes the admittance control (force control) g@igm, giving the device unique haptic
specifications.

The workspace of the HapticMASTER is depicted iguFe 3.3. The kinematic
chain from the bottom up yields: base rotation, agm'down, arm in/out, illustrated in
Figure 3.3. This makes 3 degrees of freedoms atetige effector, which spans a

volumetric workspace.

Figure 3.3 HapticMASTER Workspace (cited from H3D, 2010)
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Table 3.1 Specifications of the HapticMASTER (H3D, 2010)

Position resolution 4x10- 12x10° [m] 1.6 X 10%[in]
Stiffness 10x1d- 50x1G [N/m] 285.5 [Ibf/in]
Nominal/max force 100/250 [N] 22.5/56.2 [Ibf]
Minimal tip inertia 2 [kq] 4.4 [Ib]
Maximum velocity 1.0 [m/s] 39.4 [in/s]
Maximum deceleration 50 [nfls 39.4 [in/g]
Force sensitivity 0.01 [N] 2.25xT(Ibf]

Source:http://www.h3dapi.org/modules/mediawiki/irgap/MOOG_FCS_HapticMASTER

The HapticMASTER measures the Cartesian forcestexkeby the subject,
measured close to the human hand, with a senétirge sensor. An internal model then
calculates the Cartesian Position, Velocity, andeleration (PVA), for which a (virtual)
object touched in space would behavior as a resfuthis force. The PVA-vector is
commanded to the robot, which then makes the monkeime means of a conventional
control law. The general control algorithm is ilized in Figure 3.4. The internal model
typically contains a certain mass, to avoid comnramdhfinite accelerations. The inner

servo loop cancels the real mass and friction @ihtiechanical device.

force

p| fOrce |y (virtual) controller —Jp robot >

sensor model |, Ao am PVA

o : SENsors
paosition

Figure 3.4 The General Control Scheme of the HapticMASTER Cageg an Outer
Control Loop, and an in Inner Servo Loop. A (vijuaodel converts the force sensor
signal to a Position/Velocity/Acceleration setpouetctor. The inner servo loop controls
the robot to the PVA setpoint values (Vander Lirz{z0?2)

human
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The Cartesian velocity, position and forces of thigot’s endpoint are measured.
1000 HZ are available as output via the HapticMARTEpplication Programming
Interface (API). The API allows one to program tbhbot to produce haptic effects, such
as spring, damper and constant force and to chegiBc objects like blocks, cylinders
and spheres as well as walls, floors, ramps andoleonsurfaces. These effects can be
used to provide a haptic interface with realistptic sensation that closely simulates the
forces found in upper extremity tasks (Adamovichlet2009).

An important goal for the utilization of the Hapfitaster was to take advantage
of its multi-planar, 3-dimensional workspace. Tocauoplish this goal and to
accommodate subjects with both normal subject dm®d subject with a variety of
impairments it was necessary to design several amchl attachments to interface the
upper extremity with the Haptic Master robotic afddamovich et al., 2009). The
HapticMASTER can be fitted with any customized esftector, facilitating different
applications. Any self-made end effector below 3clgp be mounted at the end of the
HapticMASTER robot arm. Two different sized foreasupports were fabricated for
different arm shape and one universal articulaéimg support was purchased to support
the forearm effectively, counteracting gravity. fadts with arm function simply grasp a
stationary 1.2 inch diameter, 6 inch height cylindennected to the Haptic Master (see
Figure 3.6 and 3.12).

The HapticMASTER is programmed by means of a H&RI¢ which is a C++
programming interface that enables the subjecbidrol the HapticMASTER. However,

all other devices have been synchronized and warkeér MATLAB. Therefore, the lab
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research engineer, Diego Ramirez, MS, compiledethtspticMASTER C++ functions

into MATLAB. To simplify the setup of the experimisnthese functions are listed below:

= HM_setUp (setup spring, damper, buffer and forcearfitialization)
= HM_cleanUp (delete all setup)

= HM_creat_block (creat a virtual block with setugnter, orientation, size, stiff
and damp)

= HM_creat_damping (creat damper)
= HM_creat_spring (creat spring with setup positstiff, damp and deadband)

» HM dataThread (send a TTL signal to another coemfro data stream with
time stamp)

= HM_disable_damping (disable the damping effects)
= HM_getinfo (read the force, timestamp, positiomirbuffer)

In the experimental application of HM, there wemvesral critical technical
problems in the data synchronization and collectiod the solution for these problems

are addressed as follows,

1. NJIT developed software allowed the simultanedottipg HM / hand position
relative to the targets on the LCD monitor. Howewde actual experimental
design did not empty visual feedback to avoid higegel processing of motor
control.

2. The setting of dead band was inspired by the obksepscillation at the HM
initial position. By changing the dead band settamgl imposing damping, the
oscillation problem has been successfully solved.

3. The added perturbation was controlled by a timae $tudy found the refresh of
the control in HM was less than 1 ms, so HM cowddsent continuous controlling
commands to refresh the controller. And it enablexd to add a 120 ms
perturbation during the movement. However, the wmu of perturbation
duration is under the control of timer of Window&®eration System.

3.2.4 Synchronizations of EMG, trakSTAR and ForcéMeasurements
After the eight C++ functions were been compiled MATLAB functions, the

synchronized trakSTAR and EMGs data (collectedna computer) were synchronized
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with dat from the HM computer. This HM synchroniratwith the EMG and TrackStar
system was very challenging. The HM is assembleti®OG FCS, and the company
provided all drivers and API functions in format@#+, which is not directly compatible
with MATLAB. HM data were collected with a 1 ms odgtion time stamp. The start of
HM data collection was processed by an synchrooizgtulse. That was read by the
computer collecting trakSTAR and EMG data.

The HM computer produced a TTL pulse that was teathe second computer
through a NI-USB 6216 DAQ card waiting the TTL sagfor 10 seconds. A MATLAB
function peekdata, which takes a "snapshot" oftiwst recent acquired data without
removing it from the acquisition engine, was usedead the voltage value every other
millisecond until signal reached its set actionepdial voltage.

After completion of above tasks, two collectedadéites from two individual
computers are loaded into one data file for datxessing, a data processing program
sorts the data according to their time stamp, médawhe position data collected from

HM and trakSTAR are processed to confirm the symalzation effect.

3.3 Experimental Design and Setup
Single Joint (Elbow) Movement Ten neurologically intact young adults, parti¢gzhin
all trials. Subjects provided informed consent appd by the NJIT Institution Review
Board. All subjects were right-handed. They all sathe previous experience in similar
experiments, in particular in experiments requirthgm not to intervene voluntarily.

Subjects were seated comfortably so that they adadidick movement. They were asked



56

to make elbow and shoulder movement or elbow mowerely. All movement were
made in the horizontal plane to avoid the influeotgravity.

Subjects were instructed to begin the movement feoapecific initial position
and move to a second position, both positions wskected to be in the middle 75% of
joint range of motion to avoid known angles with jonanon-linearity in stiffness.
Angular velocities were between 1 and 1.5 radianisd. Movements were made under

3 conditions:

1. Free arm movement with no hand constrain (trakSDAR)

2. Movement in contact with the HM, which applied aadinbut noticeable
resistance.

3. Movements in contact with the HM as above, but vattasional, unexpected
increases in resistance by the HM.

The unexpected resistance forces were generatdékdebgrogram increasing the
HM damping. Arresting forces were applied for 120lliseconds at the start of
movement, with viscosity sufficiently high to prewemovement. Perturbation forces
were generated for same time ~ 120 millisecondsnguhe movement by increasing
viscosity to a level that was noticeable by thejestls, but did not arrest movement.
Subjects were insured not to consciously readtéantomentary forces.

To discourage subjects from making corrections,tshiand errors were not
reported to subjects. Subjects were discouragen #aticipating the condition in the

upcoming trials.

3.3.1 Unobstructed Arm Multiple Joints Movement wth trakSTAR
In the study of multi-joint arm movement, the sasnbjects and similar setups have been

utilized as in 3.3.1 with some changes appliechtoghoulder. The subject has to adjust
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the elbow angle to the initial position of 135 dmeg and 45 degrees at the shoulder.
After relaxing the entire arm, the subject madeaching movement that uses both joints
to the target. The target was placed at optimafjeaof motion approximately 25 cm
away from start. Subjects hold the “Start” withive tstarting circle for 1 second to initiate
each trial. They are instructed to move the rigirichto the target using an uncorrected,
normal and fast motion in response to an audiat’stammand. When the hand reached
the target, subjects hold the position until totdreverse the movement to the start
position That is to say 10 subjects participatedptimal angular distances with fast and

medium angular speeds.

3.3.2 Elbow Flexions with trakSTAR® Only

The subjects sat comfortably in a chair with theght arm supported on a horizontal
plane (a fixed leg table during the movement), ateh the right shoulder 90° and
straight up to minimize the movement of the shouyldad positioned the right hand on a
horizontal plane, the upper arm of subject was etipd by a height adjustable ergo-
friendly arm support (see the configuration of dasd fixed arm support in figure 3.5),
the arm support mounted on the table surface firilg special material and surface
coating were made to avoid metal interference ¢atbkSTAR® sensor (see the detail of

design in Figure 3.3).
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Figure 3.5 The Setup of Arm Flexion

The axis of rotation of the lower arm correspontiethe center of the elbow joint.
The start, and end points were marked on the talbitace (see the Figure 3.5). The
shoulder joints were mildly immobilized using a éd@awhen elbow movements were
measured. Position and orientation of each segwmast sampled using trakSTAR®
(Ascension Technology) sensor. A sensor was atthene glued to the top of plastic
cylinder holder (cylinder or cylinder holder all arethis plastic cylinder holder in the
following study), and a laser diode attached atcfimder bottom for movement position
indication. The cylinder weighs 144 (without) /1#8ith Diode) grams. One PC was
used to control the experiments, and collected ffatm both EMG devices and 3D
Guidance trakSTAR® system (Ascension Technologyetmrd angle, angular position
at 100 Hz, and EMG at 1000 Hz. EMG’ activity of shbead biceps (BB) and long
heads triceps (TB) were recorded. Muscle crosstatkbe reduced by careful electrode
positioning, since it is difficult to distinguishrasstalk from synergistic contractions.

Adult general purpose electrocardiographic ele@sod 1/2" Foam) were adhered over
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the muscle bellies and used for bipolar EMG recaydirhe distance between electrodes
was 3 cm. Surface skin of muscle bellies were presty cleaned with alcohol to reduce
skin resistance and thus maximize the signal-tsencatio. EMG signals were amplified
(x1000) using a multi-channel electromyography c@?€l-6024E made by National
Instruments®), band-pass filtered at 55-600 Hz dyhaorder zero-lag Butterworth filter.
The EMGs of trials were rectified, filtered, anceaaged.

Elbow angle was measured by a trakSTAR® sensor teduon the top of
cylinder. Angular velocity was calculated by cehtidferentiation of the position signal,
so was the angular acceleration. Tangential velosias measured by a mounted
trakSTAR® sensor also. Anthropometric parameters tfi@ subject were computed
according to Winter.

Prior to each series, each subject was given Sipeatrials, during which they
were encouraged to perform unidirectional elbowxile movement as fast and
accurately as possible over 1~1.5 radians fromefinitial to a fixed final position (90°
and 60° for elbow flexion in all trials). Two tatgines were located at left side of body,
distance between them was 1 radian, these lines warked on the table surface as
baseline (Start Position), Mid-Line (Target 1) aRithal-Line (Target 2) respectively.
Subjects were instructed to occupy an initial positStart”, to wait for a beep, to move
to a Target 1 staying for 1-2 second, then movek bache Start Position, and repeat
movement to Target 2 until the trial ended. Theyrewasked not to correct their
movements in cases of motor-generated perturbafi@ach series consisted of 6-10
repeated trials; intervals between the trials wemainute; intervals between the series

were about 10 minutes.
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3.3.3 Elbow Flexions with both trakSTAR® and HapicMASTER

The subjects sat comfortably in a chair with thaght arm supported on a horizontal

plane, with the right shoulder 90° adducted anaigit up to minimize the movement of

shoulder, and with the right hand positioned onodziontal plane. The upper arm of

subject was supported by same arm support, ancdsapmort was mounted on the table
surface firmly. The shoulder joints were mildly irabilized using a brace during elbow

movements. Same Start Position, Mid-Line, FinaleLimere marked on the table and a
laser diode was mounted on the bottom of cylindeinticate the movement (see the
Figure 3.6). The 6 cm amplitude of vertical movetra@fowance was set in all trials by

added wall block to lock vertical movement.
Workspace ——

end effactor Incation safe [\

area for te
Qperator

operator

Figure 3.6 The HM Setup and Working Space

The axis of rotation of the lower arm correspontiethe center of the elbow joint.
Same Start Position, Target 1 and Target 2 positiere used in 3.3.1. Position and
orientation of each segment was sampled using TrAR® sensors. A sensor was
attached and glued to the top of the plastic cg@inénd a laser diode attached at the
cylinder bottom for movement position indicationhel cylinder was mounted on the

pedestal of HapticMASTER (HM), with pedestal plytirmer handle weight being 392.5
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gram. Two PCs were used to control the experim&nie controlled and recorded force
and position data from HM at 1000 Hz. Another sypnoized and collected data from
both EMG devices and 3D Guidance trakSTAR® systenreicord angle, angular
position at 100 Hz, and EMGs at 1000 Hz. EMGs\tgtiof biceps short head (BB) and
long heads of triceps (TB) were recorded. Same Ed&trodes, devices and setups
were used in 3.3.1. Elbow angle was measured bgk& TAR® sensor mounted on top
of the cylinder holder. Subjects positioned rigahtt on a horizontal, very low-friction
cylinder holder connected to robot manipulandurough a ball bearing, setting the HM
Inertial to 2.0 kg. The cylinder holder, mountedtie robot manipulandum, self rotates
to match the hand position during the movement. &kie of rotation of the lower arm
corresponded to the center of the elbow joint, mmdotation of wrist was allowed during
the experiment

Prior to each series, each subject was given 3tipeatrials with HM, during
which they were encouraged to perform unidirectie@bow flexion movement as fast
and accurately as possible for 1 radians from edfimitial to a fixed final position (135°
and 60° for elbow flexion in all trials). Subjeatsere instructed to occupy an initial
position “Start”, to wait for a beep, to move tolrarget 1 staying for 1-2 second, then
moved back to the Start Position, and repeat mometoeTarget 2 until the trial ended.
However, the actual experiments only required thgext to stay at the target till end.

Subjects were allowed to use their eyes during exgats and, in response to an
auditory “beep” signal from speaker, make a fast arovement by sliding the handle in
the specified horizontal plane. They were askedtoaorrect their movements in cases

of motor-generated perturbation. Each series ctatssf 10 trials; intervals between the
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trials were 1 minute; intervals between the senese about 10 minutes. Angular
velocity was calculated by central differentiatminthe position signal, as similarly so for
the angular acceleration. Tangential velocity wasasared by a mounted trakSTAR®
sensor and HM to confirm the signals synchronirati®ubjects’ anthropometric

parameters used in computation were cited from &Yi¢2005).

3.3.4 Voluntary Elbow Flexions with Unexpected Petirbations

Ten neurologically intact young adults, performedtonic (50% of isometric maximal

voluntary contraction (MVC) through 1 radians rarajemotion) elbow flexions at the

fastest velocity they could achieve in all pertautbaovement trials. Note that several
subjects did both 1 radian and 1.5 radians rangeations of elbow in the preliminary

study for statistical analysis, but 1 radian wagdusn actual data collection. The
relevance of studies in intact humans with the Ya intervene” instruction, and factors
which must be considered in predicting movementadyics from measurements were
made in the conditions. Same setups of trakSTAR®GEand HM were used in 3.3.1.

Subjects received the Elbow flexions with unexpegberturbations in three different
elbow flexion movements to assess the robustnessrmf trajectory to different

perturbations.

» Perturbed movement
» Arrested movement
» Pulling Movement
Torque motors of the HM provided time-varying ertdrtorque, and external

torque changed once perturbation condition setugee vgatisfied. In trials with non-

perturbation, damping force was 4.5 N to maintdie stability of the HM (minimal
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stability remaining damping force); the study rederto these trials as “unperturbed”.
The damping force increased to 50 N in the begmwiiithe arm movement, referred as
“arresting movement”, 20 N perturbation added ie tmiddle of movement were
described as “perturbed movement”. All perturbaidested for 120 milliseconds. The
damping force decreased to 4.5 N after perturbatidme computer algorithms for
experiment control and data collection were writterMATLAB, with 10 seconds of
kinematic data recorded during each movement rede@tto 10 times. Because the
subjects reported they were tired after runningidi@s for a trial, especially a weaker
EMG activity observed in second continuous flexmhelbow, experimenters decide
reducing the trial to 6 to 8 times was more appaterfor each movement, with a short
break between the trials.

In addition, integrals of both agonist and antagp&MG bursts suggested that
the subjects introduced a coactivation componentaimn attempt to stabilize the
movements against the lower inertia, especiallyess stable conditions. The subjects

were required to performed additional trials ageemment in such condition.

3.3.5 Perturbed Movement

Subjects sit in a comfortable chair with their bacipported. Subjects grasp the vertical,
free rotation cylinder holder of the robot manipudam, so the wrist and forearm are
supported and rested in the neutral position. Theght of the upper arm and forearm
were compensated by the arm support and pedestaldieholder of HM respectively.
Most of the setups of movement were the same a2 F8cept added random

perturbation and range of motion (ROM) is 1 radiaad.
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A radian of ROM was assigned for medium range oftiono A random
perturbation was added as a format of damping fdwréeng elbow flexions, increasing
the damping force to 20 N. A perturbation was awtecally activated when HM
tangential velocity went beyond 0.05 m/s. The madistability remaining damping force
of 4.5 N was set. The perturbation lasted for 120 ttlmen removed perturbation and kept
minimal stability damping force until the end. Sedip repeated elbow flexion for 5 times,
10 second/time. Baseline, target 1 and target 2 werrked as start point, medium ROM
and large ROM respectively on the table surfacewsig in Figure 3.5). Subjects
naturally paused at target for a couple of secatdsart point and targets.

Because the study found the extreme range of ethothon was about 2 radians,
the largest optimal range of elbow motion was g&t.b radians, and the peak velocity of
the arm increased with the ROM increasing. Theipi@t of stop control could cause
high level control involved. Therefore, all subgatere required to make movement
around 1 radian for their best comfort, howevercamection should be made even if the

subject moves less or more than 1 radian.

3.3.6 Arrested Arm Movement

The ROM of arm was 1 radian in arrested movemerar&lom perturbation was added
as a format of damping force during elbow flexiansreasing the damping force to 50 N.
A perturbation was automatically activated when Itivte reached 2 N, which was the
force value just before the onset of movement. miemal stability remaining damping
force 4.5 N was set. The perturbation lasted fdm® then removed perturbation and

kept minimal stability damping force until the er®lbjects repeated elbow flexion for 6
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to 8 times, 10 second/time. Subjects were requice@ause naturally at target for a

couple of seconds at start point and each target.

3.4 System Calibration
In order to obtain reliable data, the calibratidrthe system is necessary and important in
this study. The study ran the system calibratioe$orie the data collection, with
procedures including calibrations of EMG, trakSTARYl and device synchronization

hardware and programs. The typical calibrationltesuwe shown in the Figure 3.7.
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Figure 3.7 The Calibration of HM Forces, trakSTAR Positionsdarbystem
Synchronization
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3.5 Trouble Shooting in Data Collection Systems
In Figure 3.8, the noise of EMG was found to be mhgher than the expectated. It
seems that the strength of signal was weaker thambise, so the signal had been
covered by the noise. The source of noise has teeeiuded to be from the transmitter
of trackStar. After investigation, moving the tr&t&r transmitter to its 1 meter expired

range can lead to inaccurate data, although itfgigntly reduced the EMG noise.

Recorded Noise
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Figure 3.8 The Recorded of Environmental Noise

Then carefully studying the noise in term of fregeyeand known properties of, a
Discrete Fourier transform has been performed w@yae noise in both domains by
means of separating the frequency component fromynsignal. Considering this
situation, EMG data was sampled at 1000 Hz witlgaad containing 100 Hz sinusoid

with amplitude 0.2, 120 Hz sinusoid of amplitude& @nd corrupted by zero-mean

random noises.
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Raw EMG Data
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Figure 3.9 Raw EMG Signal

Spectrum analyzes the noisy signal was performecobyerting time domain to

the frequency domain in terms of Fast Fourier fians (FFT) in MATLAB:

Fast Fourier Transform Analysis of EMG
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Figure 3.10 FFT Analysis of Raw Data
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The FFT results shown in Figure 3.10 shows the B8Meétch filter of the Grass
amplifier. Spikes in amplifiers occur as ~ 100 hhd anultiples of 100 Hz. This is due to
the trakSTAR recording the data rate at 100 Hz.niNly, EMG studies require high
frequencies, but this study only uses EMG sigraldetermine the onset of agonist EMG
and peak of antagonist EMG, it is possible to agplgw pass filter with a cutoff below
100 Hz.

Figure 3.11 shows the filtered EMG of data colldcweith the trakSTAR
transmitter at an optional distance. The 6th otuéter filter was applied to filter the

noise, and the filtered data demonstrated noisgcestisignificantly in Figure 3.11.

Filtered EMG

Ak l ............. | A Lz mraae s aoe | T | " | R L | |
2 R R e e R e B R T e e R T o S B R T e e B T SR St p i [ D A i e e R R I R e B T s e R [ R e S R e B s £ o BT e R -
1 R - - S o R A R R s P R B R R i s el R SRR st Rt e -

=)

=

20

=

B

oL
T T P TTC T R OCTUL. SISPTITR PR WS  PAEEL ||| | PN INETRRSRPRCIRt: IRPELY, | (SIS 10, [ EH{PICMSERt . (SNSRI oo IR ) e =]
71 APPSR, = NUUTRRDPRUIRR. SORRTOPPPUITS . JOONONTIY:... SOV .U SRSORPRPPPRRON. . SUPPRUNPOISL . GTRUORTRN... SRONUPSRU | U5 SOSUI -
N o e P e P oerrenreneens AROIIETTCRNS ( SITENTTPNISE] FERIOTILEY RS e =

i i 1 1 i i 1 1
1000 2000 2000 000 S000 s1nlulu] Tooo s000 = lnlwle} 1001
TIme {ms)

Figure 3.11 The Filtered EMG Signal

From the raw EMG signal (shown in Figure 3.9), #itsolute value or rectified
waveform can be derived. When this was done, tiservhation found a noisy appearance
in the baseline in Figure 3.8. This noise was resddyy high-pass filtering at 10 Hz to

remove electrode motion artifact and any DC bias$ wWas present.
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Setting for synchronization pulse:A binary input has to be set in HM program
in order to generate a synchronization pulse setite¢ EMG and trakSTAR program in
the HM control program. The input setting is 15{ih= 8+4+2+1=15), reset is equal to
0 for the DB25 connector.

Table 3.2 The Setting of Synchronization Pulse

1 2 4 8 16 32 64 128
Input | 1 1 1 1 0 0 0 0
Reset| 0 0 0 0 0 0 0 0

3.6 Experimental System and Simulation Models

The dynamics of the joints of the arm in reactiam gerturbations have been
approximated by a visco-elastic model: the K-B-ld®lo(stiffness, damping and inertia
in parallel). In the preliminary investigations,bécame clear that a linear second order
K-B- model did fit well to the human arm movemermespite fitting artificially
constructed K and B in the systems using the sgparatus and analysis methods. The
problem arose from independent motion of upper soft tissue within the case. This
soft tissue comprises more than 70% of the uppemaass and has also been reported as
a confounding factor in the determination of thenmeat of inertial of limb segments
(Allum and Young 1976).

In the study, the author found that as the casptstivas applied tighter or
uncomfortable to the arm, particularly around tipper forearm, the limb appeared to
become more rigid, although there was a limit t® ¢hse tightness that a subject could

tolerate, due to ischemia and discomfort.
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As the remediation, all corners have been rounaednaultiple shapes have been

fabricated to fit the subject for their maximal domability, 2 types and 3 sizes

cases/supports are showing in the Figure 3.12.
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Figure 3.13Robertson’s Two Links Equations Represented withunk Model
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Figure 3.14Single Joint Simulink Model

This study developed two joint (Figure 3.13) anaigka joint (Figure 3.14) arm
movement control Simulink models with trakSTAR ankhis model covered both the
relative damping model in single joint (Figure 3.hd two link segments kinematics
forward model (Figure 3.13), with the schematicle arm movements control system

shown in Figure 3.15 for two links.

Shoulder FOB Relative Damping
Measured » Subsystem for the
) shoulder
A

Modeled
Two Segments Arm
.| Interactive Forward Movement
Relative D : "| Simulink Model System Trajectory
Forearm FOB elauve Damping Output
» Subsystem for thg<

Measured

Elbow Movement

Figure 3.15 The Schema of Multi-Joint Control Model System



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Preliminary Study Results in Unobstructed Arm Movement

4.1.1 Relative Damping Model in Human Arm MovemenSimulation

A neurologically intact male adult, 23, sat faciagable with the right arm supported
over the horizontal surface. The start, and endtgoad been marked on the table. The
shoulder joint was immobilized using a brace. Rasiand orientation of segments were
sampled using Flock of Birds (Ascension Technolaggnsor. A sensor was attached to
the upper-arm segment, and another sensor was tiixée lower-arm segment near the
wrist joints. The sensors were positioned approt@hgaat the proximal end of the
segments and parallel in the same direction. Thepater algorithms for experiment
control and data collection were written in MATLAd&d 10 seconds of kinematic data
have been saved each trial.

In the experiments, the study placed two targetd tequired 25 cm long
movements for the reaching movement. Subject heddtarget within the starting circle
for 1 second to initiate each trial. The subjecswastructed to move the right hand to
another target using an uncorrected, rapid motoresponse to a visual “start” signal.
When the hand reached the target, the subjecheztuo the initial position. The motion
had been repeated until the “Motion Terminatedhsias shown on the computer. The
normal speed and fast speed of two joints right motions were recorded.

In the following trials, the preliminary study fidethe upper arm for the elbow

joint movement only. The subject was required tdgeen the repeated elbow movement

72
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from full flexion to extension when he got the \aswsingle ‘start’, and stop when
“Motion Terminated” single was received. The rarajeforearm movement started at
approximately 45 degrees to 180 degrees and thaéewere recorded.

Equation (3.1), (3.2), (3.13) and (3.14) were uaad incorporated the relative
damping concepts in the MATLAB Simulink Models tonsilate the arm movement in
single and double joints reaching movement. Thalt®suggested that the results have
more merit in terms of accuracy, simplicity andmpatibility over other earlier

proposed damping concepts.

A experimental data B model
M T |
60 60

anghe {deg)

: J.J equilibrium|
o - - absolute
’ — relativa |

-

0 s 1 0 05 1
time is) time (s)

Figure 4.1 Single Joint Movement Simulation Results. A:tFebow flexions towards t
argets at 50° eccentricity with a width of 3°, &tdal2° (data from Gottlieb,1989 ). B: Ex
amples of predicted single-joint elbow movementai{se from de Lussanet, 2002 ) C: A
uthor’s Vs Marc’s Simulation

de Lussanet et al. (2002) modeled the single jeiilmw movement (see Figure
4.1), and their results appear in panel B dematstydhat relative damping makes it
possible to generate faster movements with a limeass spring model than absolute
damping. The difference exists in movement timavben the movements predicted with

absolute and relative damping. The fastest motemerated with absolute damping was

0.5 seconds, but it was less than 0.2 secondsreldtive damping. However, Mark and
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et al. only studied and evaluated the EPH actimapattern for about 1 second. Few
studies have been performed to quantitatively etalthe angle or torque amplitude of
EP activation pattern in longer duration for theeated cycle arm movement.

Therefore, the Flock of Bird (FOB) sensor measurapbctories have been taken
into single joint model to evaluate their amplitud@ree repeated fast movement cycles
in Figure 4.2 and Figure 4.3 demonstrated the prediangle and torque compared with
relative and absolute damping of nearly 10 secofidsita. The results suggested that the
angle with relative damping was almost a perfdadiofiihe experimental angle curve. By
contrast, the angle with absolute damping did itothe actual trajectory very well, it
showed that activation amplitude with absolute dagpvas about 0.36 radium less than

the relative damping; whereas activation delay al@sut 0.3 second.
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Figure 4.2 The Plotted Elbow Angle Trajectories in Fast Speed
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The Elbow Torgue Plot
g r

Acutual Elbow Torgue
— — —Targue with Relat. Damping

tarnent (M)

Figure 4.3 The Plotted Elbow Moments in Fast Speed

Modifications were made to the model to incorpotaese added dynamics, such

that the relationship between position and elborgues was represented as simplified

Equation 4.1 by:

6=T6+86, (4.1)

| 6+ BO+KO=T1 (4-2)

The second order model relates applied torglué¢o(joint angle §) through the
parameters K, B and I. To address the motion oblien time delay (T seconds) was

added as well as angl, which references the inertial component, wherepresents
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the angle between the joint axis as opposed tdottation of the elbow. With the delay,
the simple dynamic model of such behavior act Bkdirst-order filter. The transfer

function of the limb impedance in the Laplace damaishown below:

@: Ts+1
7(s) (BT +1s?+(B+KT)s+K

(4.3)

As the time lag, T, approaches zero, the transfection approaches that of a
standard K, B and | system. The time delay, T, olasse to be 10 ms for all subjects.
The inertial parameter, |, was fixed for each scbjesing the calculation procedure in
Winter Textbook (2005). Stiffness and damping paatems were adjusted and optimized
to fit the mean position response to the mean torgput before each perturbation
condition. For a given perturbation condition, ttedy collected torque and position in 5
trials. Regression analysis result was showed #5760, which is not able to decide
whether or not there was a single-valued relatigngletween B and K with limited
sample size.

To analyze kinematic and EMG patterns of primarywements, the traces were
aligned according to the movement onset and thenaged. Traces in control and test
trials for each series were averaged separatelgdioparison. The mean final positions
in the test trials were compared with those indbiatrol trials, in which movements were
unopposed (the Equifinality test), using t-testbe Tmovement duration in perturbed
movement was measured as the time from the moveonset (first visible deflection in
the velocity trace from 95% confidence interval hi@seline variations or 2-5 degree/s) to

the point after which the velocity trace remainedmzero. The duration of movements
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opposed by minimizing stable damping were comparnga the time to peak velocity of
unopposed movements, using t-test.

The EMG amplitude (peak value) of agonist and ey activities were
determined from the averaged traces for each teshtegrals. When compared to a
similarly evaluated EMG waveform of different sutigg it could tell which case
represents the greatest amount of work done bymhecle. The duration of the first
agonist and antagonist burst was defined as the twrhen averaged EMG activity
increased and remained higher than 10% of the mari® MG amplitude to when it
decreased and remained lower than 10% of the sanpktade.

To characterize the EMG changes in response teethase of perturbation, mark
lines have been used to separate the movementa@mey of the reflex decrease in the
EMG activity in agonist muscles leading to the dilperiod was defined as the time
between the beginning of the releasing and the twhen the EMG trace began to
decrease steadily. The latency of the silent pesiasl determined as the time between the
beginning of releasing to the time when EMG acfivéached and remained at a minimal
level. Multiple-regression ANOVAs with significanckevels p<0.01 were used to
measure the difference between the different geation groups.

In the Figure 3.13, the calculated elbow and sheujdint torques have been
taken into the model as input. The model genemateadnly the same angular velocities,
but also was nearly identical to joint angles assneed in the experiments. Then the
relative damping model has been combined with this link interactive forward

kinematics model (see Figure 3.13) into a new m{igure 3.15).
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The results running in Figure 3.14 implies that thlative damping model could
generate the ‘parameters’ called by Feldman to robrthe complex “Non-Linear
Movement” system. The output of the complex systantigure 3.15 gave identical
output as measured in the experiment. Based orypisthesis, this study took the FOB

measured data as input into the model systemnitrranormal (slow) and fast speed of

arm movement.

Two Joints Torque Plot in Slow Movement
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It is well known that a simple linear mass springdal with absolute damping
usually generates the slow movement with a reahstlue of stiffness and damping. But
with a stiffness that is higher than what is meedwexperimentally, Gibble et al. (1998)
proposed that the control signals underlying vamthuman arm movement have a
“complex” non-monotonic time-varying form. Such @ibns suggest that the human
motor system but can be validated in slow movermaht (Gomi and Kawato, 1997).

In the model, not only can similar performance bkieved by the simple mass
spring system with relative damping for the singel multi joints performance, in which
the author proposed a model with relative dampihgkvgenerated much more accurate
results rather than the traditional absolute dampmodel; but also this study has
developed it into a two joint interactive forwarch&matics model system. Preliminary
results showed both torque and angle were veryedoshe experimentally measured
curve except the study found the modeled data Imiogimately 0.1 second delay
observed from the Figure 4.4(a). In the next pattjnsic tissue properties and neural
feedbacks integrated into the enhanced relative pgdagnmodel could improve the
performance and robustness of the system.

The study has not investigated both damping arfbhestis in this part, but it is
also very important to study neurally induced K d@dnodulated with the EPH. As
acquisition of knowledge about how to regulate manugcles for the required movement
proceeds, this knowledge corresponds to an intenmalel of the controlled object. As
the brain acquires internal models of the contiblidject, excessive damping can be
avoided and mechanical properties of the musculekesystem could be optimally

regulated according to constraints and the desaskls. These internal models, which
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discover the profound biological system through theestigation of the voluntary

movement with loads and perturbation, continuethéfollowing sections.

4.1.2 Single Joint Model with Neuromuscular Delayand EMG Determined VT
Ghafouri and Fedman (Ghafouri and Feldman, 20@b)iesti the timing of control signals
underlying fast point-to-point arm movements. Inuashell, they address the question of
the timing of the virtual trajectory. Does the V&Gt as long as the actual movement, or
does it end early? This question addressed onbeogssential issues in the trajectory
planning, the planning sequences.

Ghafouri and Feldman (Ghafouri and Feldman, 20@d ndt have a simple way
of explaining how the VT ends before the end of #lcéual trajectory. They offer a
complicated discussion that is not overly convigcifihis appears to rely upon an earlier
study (St. Onge and Adamovich, 1997), in which theyroduced the controlling
variables as R, C and R is the VT and it appears as a ramp betweeratwalar states.

u is a constant damping coefficient, and C is theBit, to make this work, they generate
a non-linear K based on the idea that muscle e88rincreases with activation. To the
understanding, this is counter to the EPH and tiesults can be explained by the relative
damping model, which is physiologically feasibledaimcredibly simple. It does not
involve contriving a non-linear K.

The musculoskeletal model is not only simple bsbahcorporates the timing
issue as shown in the schematic (Figure 4.6). Thecha block contains the muscle
dynamics, transferring the neural input signaagtivation) to muscle force. The moment
arms r transfer muscle force into muscle momenthéninertia block muscle moment is

transferred into accelerations, subsequently twitsgrated to obtain the actual position.
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Proprioceptive feedback can be divided into foreedback in the Golgi tendon organ,
and length and velocity feedback (represented landtime delay) in the muscle spindle.
The moment arm r transfers joint angle to musahgtie and joint angular velocity to

muscle velocity.

Muscle Length

k [|€—
Muscle Velocity
L b [«
Inouts (VT > Muscle Inertia J‘
A » 71T e I 9’
M
T € Muscle [€ b€
Spindle
T [€ < -k |

Figure 4.6 The Schematic lllustration of Velocity Feedbackst&m

In this feedback loop, the study assumes it isvalével spinal reflexes control
system, generally assumed to be mono- or bi-synmahiscle spindles contain nuclear
bag and nuclear chain fibers, each with a sensayggnoand intrafusal muscle fibers.
Inputs to the muscle spindle are thenotor-neuron activation of the nuclear chain, and
length and velocity of the extrafusal muscle fib®utputs of the muscle spindle are the
la-afferent signals, containing length and contractielocity information, and Il-afferent

signals containing only length information.
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The problem in the control scheme presented isntbreasonable values for the
feedback gains and time delay components. Althabghcontrol scheme may contain
highly nonlinear elements, for sake of analysisaih be linearized in any state. In one
word, the relative damping model has been modifiedcerning the timing delays,
following configuration is the schematic demonstiatof modifications.

In terms of simulation model, the above schema#is heen cooperated in the
Simulink model to test single ramp angle joint mmeat in the preliminary study.
Simulations showed the role of velocity and lentgbdback for the behavior of the
elbow. An extensive description of the values aednpeters employed in the simulation
can be referenced from Rozendall (Rozendall, 188d)Hogan (Hogan, 1984), (Hogan,
1985). Rozendall proposed sensory time delay §),08uscle excitation time (0.04)
plus muscle activation time (0.03) are pretty dipseatched to the results shown in
Figure 4.7 with 0.1 second time difference betwienVT and EMG.

In the study, the subject has been required toviothe instructed procedures as
mentioned in unobstructed elbow movement (3.3.hy aun the simulation by the
enhanced trajectory control model with timing del@lge angles, velocity, acceleration of
elbow joint and raw EMG signals of triceps and pgelotted in the Figure 4.7 compare
the onset sequences between the angular and EM@text pattern. The observed EMG
pattern showed EMG amplitudes are generally lesingluinegative (eccentric) work

versus positive (concentric) work.
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Joint Angle Kinematics & EMG of Triceps and Biceps
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Figure 4.7 Data for a Typical Elbow Extension Shows Timingrééxor (biceps) EMG
Onset and Triceps (triceps) EMG Termination. t1 éhWere Determined Graphically

In the study of Ghafouri and Feldman (Ghafouri &ettiman, 2001), they argue
that the Virtual Trajectory (VT) (movement of R)d=nat about the time at which the
actual trajectory reaches its maximal velocity. efhargue that this trajectory is
monotonic (in their case, a ramp between two amgiédes). They contrast this with the
Latash (Latash, 1991) and Gottlieb (Gottlieb, 198&jon of a VT that continues to the
end of the actual movement and is non-monotoniss@ne the latter to be Latash's N-
shaped trajectory). However, looking at the EMGtgrats in Figure 4.8, assume the
beginning of the agonist (biceps) burst is thetistgritime of the VT atit Then find the
time of the ending of the antagonist (triceps) b(lssaking). Assume that this is the time
at which the VT ends a$.t Observing the plot in Figure 4.7 and one canas®@ that

parallels the actual trajectory, separated by a tag of roughly 0.1 second.
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EMG is the result of EPH#-6,), 6« is zero at time,t andgis maximum at

time b, as shown in the Figure 4.8:

EP, Experimental and Modeled Trajectories of Elbow Movement

1.4 T T

coresponds to t2

slope of Virtyal EP trajestory

{found from EMG dala) equals max. angular
wvelocity of both modeled and exp. data

t2 (found from EMG data)

occurs at approx. time of

_______________________________

Angle (radians)

______________________________________________________

----- Wirtual Traj.
Exp. Traj. o
""""" Moceled Traj.

............................
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i1 is adjusted to O for ease of modeling. t1-i2 remains unchanged

Figure 4.8 Results of Model with Experimentally Determinedrtival Trajectory,
Optimized B and K, with Elbow Data

Therefore, this study choose the peak of antag®&N&s, which is at time,t as
the end of the virtual trajectory, and the experitakresults show that the peak velocity
occurs at the peak of antagonist EMG.

The results are summarized in Figure 4.7. Thesairtrajectory was defined by
values of 1 and ¢ from the EMG data, and an output angle equalnalfangle by the
experimental data. The output of a Simulink modelven by this trajectory was
compared with the experimental data, and value® adind K were optimized (see

Equation (3.2)). Figure 4.9 shows accurate fitmmfdel output to experimental elbow
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angle. Additionally, the ending time of the virtuéfajectory ramp occurred at
approximately the same time as the peak angularcielpredicted. In addition, the
slope of the graphically extracted virtual trajegtmatched the peak value of the angular
velocity (3.15 rad/s). The net joint moment of thgperimental data was computed using
inverse dynamics and was compared to the net foarhent of the model in Figure 4.9.

The model successfully produced the expected dictivand braking pattern of human

joint movement.

Som parison of Joint Momenis Moceled ws Experimental Movement
T T

—e==— Simulation Moment
——e= Experimental Moment

Moment (*m)

Time (seconcds )

Figure 4.9 The Joint Moments of Experimental and Model Data

Then subjects were requested to perform more comaiks, such as to reaching
the target and returning 5 times in the 10 secotridd! The EMG of extensor and flexor

of arm muscles were filtered and rectified to idgrthe onset sequences of activations

(see the Figure 4.10).
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Figure 4.10 Data for Arm Joints Extensions and Flexions (Asdhas been shifted for
better comparing)

The modeled results showed comparisons between unual trajectories and

simulated Equilibrium Point trajectories of elbondashoulder (see Figure 4.11).

Angle {rad)

1 i 1 i
] 10 20 30 A0 =] (=18] o 50
*2 milisecond (rms)

Figure 4.11 Data Comparing between the Experimental (Red Sai) Simulated
(Blue Stars) Angular Trajectories. (The upper dbow angles, the lower are shoulder
angles, multiplied X2 by 10 is the time-millisecahd
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4.1.3 Summary of Unobstructed Arm Joints Movemerst

All the results shown in 4.1.1 and 4.1.2 can bersanzed. The control evidence implied
the elbow trajectory planning could be completethait continuous control guidance,
which supported the idea that the planning comntandid be preset in timing sequence.
Secondly, the simulation result suggested that rinedel was robust enough to
incorporate the timing in the physiological feasilvange after successfully using the
study’'s proposed neuromuscular delays into theteajactory control models. 4.1.1 and

4.1.2 together can be draw to the conclusionsreiminary study:

» The enhanced relative damping model allows the itod@oduce a
trajectory that is reasonably fast and accurate.

» The model is able to incorporate the timing of adthetical EP trajectory
that is taken from experimental EMG data and preducealistic output that
is close to the experimental data from which theGeMsulted (see the Figure
4.7) and is consistent with St. Onge et. al. 187Qnge and Adamovich,
1997)

» The model can incorporate a realistic 70 msec coetbmuscle stimulation
and activation delay as well as 35 msec reflex koapsport delays.

Hence, the preliminary study provided a substaatial acceptable groundwork to
explore a more complex movement conditions in arotomcontrol and movement

trajectory planning.

4.2 Haptic Effect in Unobstructed Elbow Movements
4.2.1 Unobstructed Elbow Flexions with both trak$AR® and HM
HapticMASTER (HM) required minimal mass and dangpto maintain its stability, 2
kilograms’ moment of inertia and 4.5 N-s/m of damgpare minimal setup for stable

movement. As this will be felt by subjects, it igpected that they will load to
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accommodate the present of the HM. Thus, it iskehlithat this VT and optimized B
and K from this Non-HM trial will apply in this oesion. In such case, optimized B and
K from no HM trials could not march model output® experimental HM adds an
interruption, and subject can not help but accomatednd reset K, B and possible VT.
New K, B and VT were found in trials using HM. Witlew K, B and VT model match
quite well. Now B and K variances were optimizedd anew VT was determined from

this agonist and antagonist EMG.

4.2.2 The Influence of HM in Terms of Speeds

A Random selected subset of subjects were askethke similar elbow fexions of the
same magnitude as fast as possible with and witHdtThe subject data was averaged
for HM trials. Tangential velocity of the free hamibvement was 4.430 m/s, and the
angular velocity of the movement was 8.465 rad/eavéent data with HM were
averaged and the tangential velocity of the handement was 1.460 m/s, the angular
velocity of the movement was 2.770 rad/s. Thesalteeshow that the inclusion of the
HM introduces a continuous perturbation throughitbetmovement, confirming the need

to reoptimized the B and K.

4.2.3 The Influence of HM in Terms of EMG and Foce

EMG Pattern were extracting from the abouve HM and-HM fast movements. The
HM applied to alter EMG duration indicating thaétbubjects will have their VT altered.
This supports that determination of new VT for tHM tests. Figure 4.12 and 4.13
showed that the identical time used in EMG and rkiaics properties plots of both

conditions as descriptions.
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Figure 4.12 Unobstructed Elbow Movement with trakSTAR only (S1
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Figure 4.13 Unobstructed Elbow Movement with both trakSTAR &id Plot
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To analyze kinematic and EMG patterns of primarywements, the traces were
aligned according to the movement onset and therage of subjects. Traces in control
and test trials for each series were averaged agharfor comparison. The mean final
positions in the test trials were compared withsthon the control trials, in which
movements were unopposed by the HM initial loace @hration of movements opposed
by the minimal load was compared with the time walp velocity of unopposed
movements. Using t-test, the time to peak velogftiested arm movements opposed by
the minimal load was significantly increased for talals in comparison with control
group (P<0.005; group means: 359 ms and 229 nyzxcteely).

As for the EMG patterns, the control, unopposed/fmovement was associated
with agonist followed by antagonist muscle actiyishile the end of the movement was
characterized by some additional agonist/antagdmissts, which was similar to that
which Brown and Cooke found (1986).

The introduction of the minimal load in the loadedils elicited substantial
changes both in the phasic and the tonic EMG pattélthough the changes in the
amplitude of the first agonist burst were insubstdnthe burst was substantially
prolonged and displayed a high level of stead statéc activity maintained as long as
the load. The antagonist burst was also supprehs@og the dynamic and static phases
of opposed arm movement.

In the Figure 4.13, the HM force was plotted inckland angular velocity in blue
respectively, the plots showed the peak velocitg veached at the middle of movement
and the peak force was reached nearly the end efmbvement. These findings

suggested that the rate EP shifts is adjusted diogpto the desired movement velocity.
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As a result, in the slow movement, the differentehie duration of control signals and
movement may hardly be distinguished, and thereftaay researchers argued the EPH
is good for slow movement. The activity of arm masand its neurons investigated was
movement and force related. The motor cortex itetf signals may be distal to the end-
point specifying process (Feldman et al., 1995).

In the fast movement, a 1.5 second arm flexion Hatee been extracted and used
in the model to investigate the HM effect in thenamovement, the measured force of
HM used as perturbation in format of perturbatiomqtie in the model. The simulation
model input, a virtual trajectory that found the BNplus estimated B and K, run in the
MATLAB Simulink generated a model output, whichnisarly perfectly synchronized
with the experimental data. The result in Figurkd4showed that the model produced the
timing as well as the shape of the curve in theearments. Therefore, the results of
simulation suggested the HM could be used as abiteliresource of perturbation in the

model.

HM Effect in the Elbow Movement
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Figure 4.14 HM Elbow Experimental Displacement vs Simulink Mb@utput
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Torques have been shown in Figure 4.15 betweensithaelated and inverse
calculated results, the corner effect at the Zondldenced the performance of model, it
caused some distortion of the red curve at ZondoWever, the model still can match up

with the general trend of the elbow movement.

Evaluation of HM Effect in the Elbow Movement
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Figure 4.15 HM Elbow Experimental Torque vs Simulink Modeledtfut

4.3 EPH Control in Voluntary Elbow Flexions with Unexpected Perturbations
4.3.1 Statistics and Equifinality Test of Obstruted Elbow Movement
In order to find the influence of range of motianperturbed elbow movements, a Chi-
square analysis was performed to investigate whdthradian ROM was different from
1.5 radian ROM in terms of force, time to the peakocity and average velocity of
movement. A Fisher's exact test technique was akssd in statistics due to limited

replications in the cell. The P value (0.9) wasaoted from both Chi-Square and Fisher’s
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exact tests, which was much larger than 0.05. Taesscal result suggested that the
three evaluating criteria were the same for two Ri@Mbstructed elbow movements.

The tablet (Table 4.1) shows mean peak angle, kresvmean range of motion,
recorded from control (1), perturbed (2) and ar(8%tgroups. After training, in control
trials, the subjects made their fastest elbow dlexmovements. When a high-gain
perturbed force (also named loads) was appliechénperturbed (mid-movement) and
arrested (early movement) trials, the movementlaigment substantially decreased.
Notably, the subject did not make corrections inthbeest trials when the arm
significantly undershot the final target positioAfter a 120 millisecond holding period,
the load was removed and the arm arrived at a fwaition coinciding with that in
control trials (P (0.631) >0.05, One-Way ANOVA). iipality was shown in Table 4.1
and Figure 4.16.

Table 4.1 Equifinality Test of Elbow Movements

Subjects Elbow Displacements

Control Perturbed Arrested

Mean Std Mean Std Mean Std
1 0.568 0.029 0.261 0.057 0.325 0.036
2 0.673 0.034 0.604 0.026 0.467 0.048
3 0.521 0.025 0.551 0.031 0.564 0.031
4 1.089 0.088 1.026 0.076 1.005 0.052
5 0.362 0.027 0.350 0.014 0.352 0.026
6 0.679 0.091 0.382 0.021 0.364 0.033
7 0.275 0.035 0.231 0.013 0.264 0.026
8 0.449 0.054 0.386 0.025 0.478 0.067
9 0.286 0.042 0.195 0.016 0.232 0.062
10 0.384 0.030 0.360 0.033 0.411 0.027
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The statistical results in Figure 4.16 show tha arovement had a strong trend of
elbow trajectory to return to final target regasdieof perturbation conditions changes.
Three groups were likely distributed and the resdid not reject the null hypothesis,
which means three groups did not have significafierénce. The P value was 0.631
statistically supported the idea of Equifinality.

To understand the Equifinality test of single sohj¢he Figure 4.16 was shown
all trials of subject S3. The figure illustratdtetmeasured elbow angles with the HM
only, perturbed and arrested conditions. The farmajles converge in a small range (0.5-

0.6 radian) in the Figure 4.16.

Equifinality and Associated Test for the Fast Elbow Movements
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Figure 4.16 The Measured Trajectories of Elbow MovementSduifinality Test

The introduction of the perturbation as minimizitgad in all HM test trials

reduced the movement duration so that the HM tggisoached the time to peak velocity
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of control shorter than non-HM movement tests. Aéemparing the velocity profile of
the loaded movement and a non-loaded movementsirdee peak angular velocity was
1.984 radian/s and 7.480 radian/s, respectivelydmgnalized traces accordingly.

In both perturbed and arrested movement of theysthd time to peak velocity of
tested movements opposed by the minimizing load @erturbation was significantly
increased for all subjects in comparison with contmovement (P<0.05). Test
movements made with the minimizing load ended rikar peak velocity of control
movements. Compared with the time to peak velooitycontrol movements (non-
perturbed HM test), the duration of the movememposed by the perturbations were
greater in perturbed and arrested tests (0.23Inde@&D 0.035 and 0.297 second, SD

0.041). In all subjects, the difference was less1thO0 ms.

4.3.2 Results of Perturbed Movement
The study is based on the idea that the centrabosrsystem may take advantage of the
apparent mechanical behavior of the neuro-musdwdtetal system in controlling
movement, and considers its ramifications in theecaf multiple degree of freedom
movement. The relation between force, EMGs andlatigpent of the end-point of a
hand can be determined experimentally by displatiegend-point from an equilibrium
position and measuring the resulting steady-stateefopposing the displacement.

Since two preliminary studies (Chen, 2008), (Ch2009) have investigated
movement control among unperturbed single and d@oabin joints, focusing on the
control of perturbed movements of elbow. The foilogvexperiments demonstrated the

relationship between movement production and asassti kinematics and
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electromyographic (EMG) patterns under the conditid perturbations. Amplitudes of

data have been rescaled to enable the plot tospéagled in same picture for comparison.

Perturbed Movement of Elbow Joint
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Figure 4.17 Perturbed Movement of Elbow

Figure 4.17 shows the relationship between EMGl$g\erces measured of end
effectors (hand), movement amplitude and maximuniocity for elbow with
perturbation during the preceding movement. Thet gplemonstrates the times of
perturbation onset with solid blue, and terminatiath blue dashed vertical lines in the
figure. All data from HM, EMGs and trakSTAR® wergnghronized by their own time
stamp and plotted curves were aligned accordingh&o movement onset and then
averaged.

In the perturbed movement, the perturbed forcesraagping the maximal
isometric voluntary torque and minimizing the mowtime were presented and then

removed. Movement duration, displacement and pealocity were significantly
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diminished, whereas joint force increased in theupkeed trials. EMG traces (triceps
brachii, TB; biceps brachii, BB;) were shown togatfor the perturbed movement (BB
in red, TB in pink). The envelope above the EMGveha low-pass (24 Hz) filtered and
rectified EMG envelope of perturbed movement fag #ame subject. In the perturbed
movements, perturbation in the test trials elicsaethstantial changes both in the phasic
and tonic EMG pattern. The activity in the agomstiscle (BB) was prolonged and
displayed a high level of steady state, tonic @gtiwere remaining as long as arrested
movement, which would be discussed next in arresteeement.

In response to release of perturbation of the e]bagonist activity began to
decrease (latency around 45 ms for the subjectemadtually moved toward zero level
(silent period). The calculated data also showdgjests exerted more than 60 Nm of
elbow torque, when the movement was opposed by dhest force. During
approximately the first 100 ms, the agonist EMGivitgt did not depend on load
condition (Feldman, 1995), so this study set théupeation lasting for 120 ms.

Changes in agonist and antagonist EMG integralsnjperturbed and perturbed
trials, averaged across the subjects, showed d dew@mkase in the amount of activity in
the antagonist muscles, and a slightly higher esmein the activity of agonist muscle.
During perturbed trials, both agonist and antaganiggrals increased by considerably
larger amounts (on the average, a 142% increadeiamount of activity of the agonist
muscles; and a 106% increase in the amount ofigotizthe antagonist muscle).

The earlier study of perturbed movement of elbowgig; 2010) illustrated elbow
displacement curves obtained for the 0.95 radiarvement with perturbed task

conditions (Figure 4.18).
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Displacement of Perturbed Elbow Movement
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Figure 4.18 Perturbed Elbow Displacement in the Simulink Model

Figure 4.18 shows an excellent model correspontbngnexpected unexpected
perturbations during movement. Comparison of thgufe to Figure 4.14 shows the
same VT and same B and K as well. With actual andaied trajectories having been
modified by the unexpected perturbation , note thatactual and modeled trajectories in
Figure 4.14 parallel this VT, with in Figure 4.1Be actual and modeled trajectories have

a less steep slope.
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Figure 4.19 The Inverse Calculation of Elbow Components Tesjand Total Torque
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Figure 4.20 The Calculated Elbow Net Torque by Inverse Dyramis Net Torque by
the Simulink Model vs HM Perturbation Torque



100

The modeled net torque is quite close to the caledlnet torque in Figure 4.20,
with some difference seen in Zone 1 due to the idiate start of virtual trajectory in the
model. In addition, trakSTAR, EMG and HM devices/&alifferent resolution, so the
missing frames, plus accumulated calculation tolegaerrors, lead to Zone 2 showing

some system distortions in the plotted Figure 4.20.

4.3.3 Arrested Arm Movement

Figure 4.21 shows arrested force influences ontreleyographic (EMG) activity,
movement duration, and displacement joint velodi§pow torque and kinematic traces
from a non-perturbed movement can be referenced the earlier study. Unperturbed
movement was associated with agonist followed ggomist muscle activity, while the
end of the movement was characterized by additiewbrocal agonist/antagonist bursts
(Brown and Cooke, 1986).

Arrested Elbow Movement
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Figure 4.21 Arrested Movement of Elbow
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In the arrested movements, perturbation in the tesls elicited substantial
changes EMG pattern. The activity in the agonissciel(BB) was prolonged and a high
level of steady state, tonic activity was also rtaimed (see Figure 4.21). This activity
was associated with the net static torque, which glase to maximal isometric torque
(Feldman et al., 1995). The antagonist (TB) wapsegsed during the dynamic and static
phases of perturbed movement. The amplitude ofagwnist burst was insignificantly
affected by the perturbations, similar results wascribed by St-Onge and Adamovich

(St-Onge et al., 1997).

Arrested Elbow Displacements
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Figure 4.22 Arrested Elbow Displacement in the Simulink Model

Variance, previously optimized B and K for eachjsabfor the HM only trial, as
well as the previous VTs were used as in the geetlitrials. This VT and output of
model are superimposed in the following Arrestealdrin Figure 4.22. Compared with

the control trials (virtual trajectory in blackhée introduction of an arrested obstruction
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delayed the onset of movement. After a 120 ms tadgseriod, the arresting force was
removed (between the black and blue) and the arivedrat a final position coinciding
with that in virtual trajectory (P>0.05; Equifingl). Filled dots and solid blue show final
positions of the model and control trials (measypedition). Horizontal bar, (Y axis -
Displacement marked as 0, 0.03, 0.95) show thalipintermediate and final phases,
respectively, at which measured steady state valtipssition and torque were used to
plot the corresponding Equilibrium Points. Figura2shows elbow displacement curves
obtained for the 0.52 radian movement with arresgsdk. Equifinality was observed
(P>0.05) in each block of trials, as shown in Fegg4rl7 and 4.21 for intermediate
Equilibrium Point at Y axis 0.03 and 0.02 respediry Comparing Figure 4.22 to 4.18
and 4.14 shows that arresting torques increasetithe between the VT and arm
trajectory, but unlike Figure 4.18, the actual @écapry parallels the VT as it does in

Figure 4.14. And Figure 4.23 shows the actual andeted moments.

Torques Comparison of Arrested Elbow
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Figure 4.23 The Elbow Torques Plots (Experiment Vs Simulgtion

But model moment appears smooth, with the expetiahenoment exhibited an

unusual pattern in second half. This was foundhérhovement of all subjects only in the
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arrested trials. This is mainly due to mechanio#rference of HM, as it introduces a
mechanical noise when the velocity changes negoehk value, it is random and related
to the speed gear of HM. This noise introduces midiscontinuity in this actual
trajectories which are accrued in the computatibwetocity, see the Figure 4.24 for the
zoomed observed noises from Figure 4.21.

Note blue jerks in arrested elbow movement, suddesiease of this arrest, the
HM measured errors have been magnified in the eltwrgues. A low pass filter has
been applied in a reasonable low cutoff frequeattjrough a smoother curve has been
achieved, the trend of torque curve has been tistoand some real movement
information has been lost as well. Therefore, thmlys does not suggested to use the
cutoff frequency under 10 Hz. Since these jerkeevieund in arrested movement only,
the heavily dampened force could be the reasohasket mechanical noise, as a result the
study recommend either using a smaller arrestimgef@r to embed the HM base to

reduce noises.
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Figure 4.24 The Jerks in Arrested Elbow Movement
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4.4 Optimization of Stiffness and Damping
Key to this research is the optimization of B andoK each subject based on their HM
only experimental data. The results shown in eathsextions confirm that those
parameters. Along with an EMG determined VT carubed successfully to model the
perturbed trials.
Table 4.2 shows an analysis of the optimizatiormodtiple HM only trials by

subject. The mean damping and stiffness coeffisiemé shown for each subject. The
small averaged SSE variances indicate an excditeind the small standard deviation

shows that the optimization produces very considfeand B with each subject’s trials.

Table 4.2 A Least Squares Model Used to Optimize the Corfarlameters Damping
and Stiffness in the MATLAB Simulink

Moment Damping Stiffness Sum Squared
Subject | Sex | of Inertia (Nm-s/radian) (Nm/radian) Error of

(kg-m?) Mean Std Mean Std | Optimization
ST M 0.426
S2 F 0.057 1.72 0.43 16.19 0.99 0.10
S3 M 0.284 3.31 0.14 9.74 0.61 0.02
S4 M 0.227 4.76 0.31 8.40 0.33 0.069
S5 F 0.153 2.31 0.19 12.07 0.85 0.084
S6 M 0.272 2.94 0.39 11.19 1.41 0.012
S7 M 0.300 4.2 0.12 14.76 0.95 0.031
S8 M 0.381 4.46 0.27 15.74 0.47 0.01
S9 M 0.254 4.11 0.34 19.15 1.07 0.025
S10 M 0.284 3.95 0.43 17.58 1.29 0.017

Note: Subject S1 does not have enough data totatists analysis significantly.

A new intrinsic damping parameter (0.1 Nm-s/m) basn used to substitute the
previous one (0.35 Nm-s/m) for the elbow, the namping parameter has based on the
finding of experimental data by Darnell Simon (ubjshed), which model and optimize

the intrinsic damping from experimental arm data.
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B and K varies shown in Table 4.2 roughly confiothe expert critical damping

relationship defined byB = 2J1 0K . As this has been estimated for absolute damping,
its use with reasonable absolute damping has ren bstablished and is used one as a
evidence.

In the study of potential impact of uncertaintiesmeasurement, although the
perturbation changed the kinematic behavior of gegurbed limb, the relation of the
reported estimates of K and B to known muscle gggy and the impact of changes in
mechanical properties on movement generation aeatdi The K and B values in Table
4.2 were derived from optimization of the SimuliModels. If it is assumed that the
torques needed to generate elbow motion are piyndgtermined by limb inertia, these
values are ready to be estimated, and these velees used in perturbed and arrested
movements. Cannon and Zahalak (Cannon and Zahd®82) suggested that for an
extensor moment of about 8 Nm, the stiffness wasrat 60 Nm/rad. This estimate was
a much higher value than the best fit values indpgmized Simulink models in the
present study, and was also higher than the mdaa {£0.545 Nm/rad) of K in the study.
This difference can be attributed to a variety bygological mechanisms, but constant
static force-length slopes are nevertheless udedtekly in the EPH elbow movement

control models.

4.5 Sensitivity Analysis of Obstructed Elbow Movemats
The same B, K, and VT were used to model the HN,goerturbed and arrested elbow

movement. SSE of the model for all listed elbow sraents have been provided.

4.5.1 Sensitivity Analysis with HM Only
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The HM only data of Subject S3 has been used ahismtest of HM only elbow
movement modeling, measured elbow trajectory, nembekrajectory, modeled
trajectories with +10% variance of both dampingl atiffness have been changed at
same time and results shown in Figure 4.25.

Sensitivity Test of Elbow Movements with HM Only
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Figure 4.25 Sensitivity Test of Elbow Movements with HM Only

The results were shown in Figure 4.25, the modeegdctory has a SSE value of
0.010 comparing with measured trajectory, the +b@86eled trajectory has a SSE of

0.017, the -10% modeled trajectory has a SSE df%0.0

4.5.2 Sensitivity Analysis in Arrested Movement
The data of Subject S2 has been used in the asatysarrested elbow movement
modeling. Measured elbow trajectory, modeled ttajgc and modeled trajectories with

+10% variance of the damping and stiffness werevsha Figure 4.26.
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Sensitivity Test of Arrested Elbow Movements
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Figure 4.26 Sensitivity Test of Arrested Elbow Movement with0% Variance

The results showed that modeled trajectory haseav@fiie of 0.014 comparing
with measured trajectory, the +10% modeled trajgdtas a SSE of 0.04, the -10%

modeled trajectory has a SSE of 0.057.

4.5.3 Sensitivity Analysis in Perturbed Movement

Questions may rise whether the successful modelingbstructed arm movement is
based on a too small perturbation to influencepdgigormance of the system. And if the
damping and stiffness have been changed, will behaef the become model

unpredictable? Hence, the study performed twoit@hstests of the model.

4.5.3.1 Sensitivity Test of Elbow Movement with &arger Perturbation Force
In order to test performance of the model in larfmice perturbations, this study

increased the perturbation forces about 75% o&thested force. The collected data and
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analysis results were shown in Figure 4.27, theergreurve is angular displacement
(radian), blue curve is the angular velocity, bines are the indication of beginning and
ending of the perturbation, black curve is the mead force (Newton) divided by 20 in

order to display in the same figure.
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Figure 4.27 Sensitivity Test of EIbow Movement with a Lard®erturbation

The new data has been input into the modeled vatimized parameters obtained
from unperturbed elbow movement optimization modled, result of the VT, measured
perturbed elbow displacement and modeled elbowlatispwere shown in the Figure
4.28, the SSE of the modeled trajectory fittingthe measured trajectory is 0.047. It
suggests the Simulink model of the study is rolargiugh to cover perturbed elbow

movements regardless of the perturbed force equahaer the 75% of minimal arrested

forces.
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Elbow Movement by a Larger Perturbed Force
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Figure 4.28 Sensitivity Result of Perturbed Elbow Movementhia Model

4.5.3.2 Sensitivity Test of Perturbed Elbow Moveent

Same data has been used as section 4.5.3.1 fosehsstivity test. The damping and
stiffness have been changed by +10% at the same fubeasured elbow trajectory,
modeled trajectory, and modeled trajectories witl9% variance of the damping and

stiffness have been shown in Figure 4.29.
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Sensitivity Analysis of Purturbed Elbow Movement
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Figure 4.29Sensitivity Test of Perturbed Elbow Movement if0%d Variance

The results showed that modeled trajectory haska\éfue of 0.047 comparing
with measured trajectory, the +10% modeled trajgctas a SSE of 0.131, the -10%
modeled trajectory has a SSE of 0.09. These sesidilsensitivity tests in perturbed
elbow movement demonstrated that the model is tobwmscover only the larger
perturbations, but also some variances of the npalalmeters.

Based on above results from HM, arrested and petiarm movement tests, all
test results suggest that the success is depamdaupprecisely optimized value of B and

K rather than any lucky.
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4.6 Mechanical Properties of Elbow during Obstructd Movements

Neville Hogan (Hogan, 1985) proposed a mathematioadlel in terms of impedance
control of arm movement. Discussing this work, Blogan admits that it can not
effectively model all aspects of the performancéehef system. He saidControlling the
complete dynamic behavior of the limb may be beyloadapacity of the central nervous
system. If the disturbance is sufficiently abrufiten, because of the inevitable
transmission delays, continuous intervention basedeural feedback information will
not be a feasible method of modulating these gtiesiti

However, the model proposed in this study, accashpli most the work which
Hogan believed was not feasible. The following p®iraised by this paper give a new

insight for the future study of upper limb control.

4.6.1 The Duration of Shifts in the Equilibrium Sate

The elbow position is usually stabilized due topuiaceptive feedback and intrinsic,
elastic and viscous muscle properties. Some refsei@® (Levin and Feldman, 1995)
assumed that a movement from an initial to a fowaition cannot be produced unless the
equilibrium state of the system is modified by ipeiedent, control variables, according
to the physical definition of the concept of theidirium state of a dynamic system.

The results of modeling in the earlier study showed monotonic, ramp shaped
changes in this command ending before the peakciyglof movement, which can
account for the measured kinematic and EMG pattefriast elbow flexion movements
made with self-paced movement. The assumptionfélsaimovements were produced by
brief shifts in the equilibrium state of the systevas supported by the results of the

simulation of effects of perturbation on kinemadicd EMGs in the present study. The
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study found a substantial decrease in the elbownt jeelocity both in perturbed and
arrested movements (2.183rad/s, 0.273 rad/s, rigggy with the perturbation duration
of 120 ms. A plateau was found at the end of agetiirbation lasting 30-40 ms, which
was believed to be a transition from one equilibristate to another due to the feedback.
This transition behavior was a sign that the subjset an initial state of the
neuromuscular system to counterbalance the pedudree and was reluctant to change
this state, even long after the releasing. In othends, responding to release, the subject
kept some essential variables invariant (St-Ongalet1997). The nervous system
continued to maintain the same joint angle befokafter perturbation releasing.

A prolonged first agonist EMG burst was especiabserved in the perturbed
movements, and was maintained at a high level pictactivity for as long as the
perturbation was applied. Therefore, kinematic BMIGs of both perturbed and arrested
were reproduced by using the same control pattelinging a monotonic shift in the
equilibrium state of the system ending before carnthe peak velocity of perturbed
movement (see Figure 4.17 and Figure 4.21). Thefiguves show a substantial part of
phasic EMG activity was generated after the enshdt. The EMG demonstration of the
threshold position shift implies that neither medbal variables, nor EMG patterns are
programmed by the nervous system — these variabldspatterns emerge following
central resetting of the threshold position of tator (St-Onge, Adamovich et al. 1997 ).
In particular, TB EMG plots in two figures showeti-burst” EMG patterns plus found
bell-shaped velocity profiles of arm movements,hbot which can be considered as
trivial consequences of threshold position resgitidind the same patterns of control

were incorporated in both perturbed and arresteckment.
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4.6.2 Relation of EMG and Cocontraction in EIbowMovement

Muscle cocontraction (or coactivation) is a primamgans by which the nervous system
stabilizes the position of the limb, and the evebased on measures of joint stiffness
suggest that in naturally occurring behaviors tbetl of coactivation and movement
may be linked (Masataka Suzuki, Douglas M., 20@bble (Gribble, 1998 b) has
shown that in single-joint elbow movements increase movement speed were
accompanied by increase in stiffness. Similarly, nmodeling studies, simulated
commands for muscle coactivation must increase tooically as a function of
commands for movement velocity in order to incregseed and stiffness in parallel. His
finding confirmed the methodology in the authorsglation model. More information
about simulation model is discussed next in theugition section.

The pattern between the EMG activity and kinemedigables has been found to
characterize muscle coactivation following pertartetbow movement. In two cases,
EMG magnitudes increased as a function of velogitywo perturbed movements. The
phasic and tonic activation patterns suggested tmatnervous system could use a
relatively simple procedure to modify coactivatimnwhich the signals that determine
tonic EMG activity were scaled in relation to thabat underlie the phasic signal. In
addition, Masataka Suzuki (Suzuki et al., 2001p dsund the EMGs’ patterns of
coactivation were found to mirror phasic activitytin the first 30 ms of the initial
agonist burst. The control of coactivation may beednined centrally prior to movement
onset. The previous study found that the contighai was about 40 ms ahead of elbow

movement onset.
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4.6.3 Simulation Results
Figures 4.17 and 4.21 show two sets of ideal (#irttajectory), measured and simulated
movements during perturbed and arrested movemespgecgvely. Not only have
optimized damping and stiffness, but also neueaddiation delay plus perturbation plants
(in Simulink) have been used and incorporated i todel. Measured movements
performed for flexor elbow movement were simulabgdvarying the damping (B) and
stiffness (K). The model accounted for the qualiatand quantitative features of
measured kinematics. The perturbed movement wasiassd with the decrease of peak
velocity achieved; and larger overshot may be ahuse under-damping. Meanwhile,
arrested movement was associated with an incrdageast velocity, and final position
showed almost no overshoot, which may be causedvby damping. However, more
subjects are required to perform statistical anslfigs more accurate results.

The model enabled us to perform perturbed tasksinmulation simply by
changing the parameters of the perturbation ptattie model. The results in Figure 4.17
and 4.23 show shorter duration of movements, inciwimonotonic changes were also

underlying shifts in the Equilibrium Point.

4.6.4 The Influence of Perturbation to Arm Movemat

In Figure 4.17, a sudden release of perturbed fof@@m muscles elicited a short-lasting
silent period in the EMG activity of these muscl&be silent period was a result of
shortening the length-sensitive receptors (muspiedtes): where shortening followed
the release of perturbed force, and muscle spinegporarily cease to facilitate-

motoneurons of the previously loaded muscles, ithiesrupting the EMG activity.
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The observations suggest that the first agonisttbuay be relatively “immune”
to variations in movement kinematics and reflex-irael changes in EMG amplitudes.
This could be the reason of the extension of EPHlaacribing changes in the first
agonist burst with task parameters. Moreover, xefteluced changes in antagonist EMG
seemed to be important also during purposeful nuadibns of the motor command
adapting to a change in the motor task. As a cemmuof perturbed movement, this
present study suggests that subjects may mairitaisame control patterns regardless of
added perturbations associated with substantiadggsin EMG activity and kinematics.

Thus, the basic idea of both perturbed and arrestedements control are
suggested and the strategies are readily incogmbiato the framework of the EPH that
provides a better, more universal framework forwdation and analysis of elbow motor

control.

4.7 Mechanical Properties of Arm during Unobstructel Involuntary Movement

The unobstructed involuntary arm movement providesdence against existed
dissociation between conscious vision for perceptnd unconscious vision for action.
Recent studies have suggested that perceptual et decisions are based on a unique
Equilibrium Point control, but distinct decisionglanning during involuntary arm
movement exists. Because sensory noise and feedlsal are potential sources of
instability and variability for the real time coatrof movement. It is commonly assumed
that predictions based on EPH allow the centralaies system (CNS) to anticipate the
consequences of motor actions and protect the memesmfrom uncertainty and

instability. However, during motor learning and egpre to unknown dynamics, these
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predictions can be inaccurate. Therefore, the gz of whether a distinct strategy is
necessary to preserve movement stability and acguisaitested in such situations in this
study.

In the trials, participants performed speeded puintmovements towards a
specified target as described in experiment setugnfvoluntary arm movement. The
hypothesis was tested by asking subjextsold a HM manipulandum in precision grip
and to perform double-jointpntinuous arm reaching during exposure to weightless
(0 g), where the EPH models of the limb dynamicsttheupdated. Measurements of
grip force adjustments from HM indicated thhe internal predictions were altered
during the early exposute the 0 g condition. Indeed, the grip force/loatté coupling
reflected that the grip force was less finely tuniedthe load-forcevariations at the
beginning of the exposure to the novel gravitatieoadition. During this learning period,
movements were slowesith asymmetric velocity profiles and target undhesting.This
effect was compared to theoretical results obtaingtie context of optimal feedback
control in unobstructed voluntary arm movement, ighe&hanging themovement
objective can be directly tested by adjusting tRélgarameters.

However, the virtual trajectory in unobstructegdluntary movement can not be
decided as the same as the assumption used intaglunovement due to the different
EMG activation patterns. The oscillation of for@esing the absolute values in Figure
4.30) suggested the system was making dynamic tatgns rather than a stable
condition, the aftermath EMG activity lasting n€ab seconds to reach the equilibrium

state.
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Unobstructed Involuntary Arm Movement
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Figure 4.30Unobstructed Involuntary Arm Movements

The observation in Figure 4.30 suggested that tleeteon the movements may
support and favor the hypothesis of a change ifocostion duringhe early exposure to
a novel environment. The modified optimizationterion reduces the trial-to-trial
variability despite thatoise affects the internal prediction after anadgzmultiple sets of
data of the subject. Therefore, these observasopporthe idea that the CNS adjusts

the movement objective to stabilittee movement when EPH models are uncertain.



CHAPTER 5

CONCLUSION AND DISCUSSION

5.1 Brief Summary and Discussion

The underlying concept of the EPH is that the C&ides a virtual trajectory of joint
motion, representing space and timing, with actmnavement dynamics being produced
by the interaction of limb inertia, limb load andgegd/position feedback. The
development of the EPH added complex virtual ttajges, non-linear damping, and
time varying stiffness to support the EPH agaimgicism. While these features allow
EPH models to adequately produce human joint viéscithey conflict with the EPH’s
premise of simple pre-planned monotonic controlmadvement trajectory. Therefore,
planning more complicated parameters must requid&tianal CNS capability that is on
the order of the inverse dynamics. However, theysproposed methods based on the
EPH which provides a simpler mechanism in the matamtrol without reasoning to
complicated trajectories, stiffness, and damping.

The work of this investigation has proposed theitamd of relative damping to
the EPH model (Chen, 2008) to predict the singkt taro joint movement of the human
arm. In addition to absolute damping, which is mjonal to the joint velocity and is
always dissipative in nature, relative damping piEs$ a joint torque that is based upon
the difference between the joint velocity and tleowity of the virtual trajectory. The
term relative damping might better be called retatielocity gain, as it can be dissipative
or additive. This addition to the model resultsimulated trajectories that closely match
experimental data, and suggests that this contomemcould be used in planning the

multi-joint angular trajectories in fast and lowlagty, without the need for time varying

118



119

or non-linear stiffness and damping, and with senpbnotonic virtual trajectories. In the
next study, this relative damping model has beethén enhanced with an EMG-based
determination of the virtual trajectory and withyglologically realistic neuromuscular
delays. This model uses delays presented in theafitre by other researchers in the
preliminary study, and the study contributes t@sotution of the currently controversial

argument in the motor planning as following:

1. The study demonstrated the potential for descen@N& signals to represent
relatively simple, monotonic virtual trajectorie$ the time varying Equilibrium

Point (virtual trajectory) to control human movementh known delays

2. The expanded model uses realistic impedance val@produces expected joint

trajectories and joint torques

3. The model with relative damping suggests that xeflgops with constant
coefficients can maintain the dynamic simplicitytted EPH, while being robust

over the range of human joint velocities

As the development of preliminary study, the stegiended the relative damping
concept and incorporated the influential factorshef mechanical behavior of the neural,
muscular and skeletal system on the control anddoaation of arm posture and
movement.

A significant problem in motor control is how infoation about movement is

used to modify control signals to achieve desiredfggmance. The study favors



120

Feldman’s EPH theory since the EPH drastically §ifrep the requisite computations for
multi-joint movements and mechanical interactionthwomplex dynamic objects in the
context. Moreover, this instantaneous differenchigntheory serves as a potential source
of movement control related to limb dynamics andoamted movement-dependent in
extra load. The study used an EPH model to exachaages of controlling signals for
arm movements in the context of adding load/peditimbs in the format of forces and
torques. The mechanical properties and reflex astad muscles crossing the elbow joint
were examined during a 1 radian voluntary elbowidle movement. Brief unexpected
torque/force pulses of identical magnitude and tdueation were introduced at different
stages of the movement in a random order. Singleipations were injected in different
trials in the movement onset during early, middiages of the movement by a pre-
programmed 3 DOF robotic arm (MOOG FCS HapticMast€hanges in movement
trajectory induced by a torque/ force perturbatetermined over the first 120 ms by a
position/force prediction formulation, and then adified and optimization K-B-I
(stiffness-damping-inertia) model is fit to the peases. The optimized stiffness and
damping coefficients estimated during voluntary emoents were compared to values
recorded during trials. The optimized stiffness dadhping coefficients estimated during
voluntary movements were compared to values ambegsubject, and the linearly
related K-B-I was used in the Simulink to verifyetiEPH in perturbed movement
conditions.

Therefore, the brief summary of obstructed invauptarm movement can be

concluded as following:
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. Kinematic and Torque of both perturbed and arrestele reproduced by using
the same control patterns eliciting a monotonidtshithe equilibrium state of the

system ending before or near the peak velocitedfidbed movement

. EMG magnitudes increased as a function of velatityvo perturbed movements.
The phasic and tonic activation patterns sugge#teti the nervous system could

use a relatively simple procedure to modify coatton.

. The models enable us to perform perturbed tasksiimulation by simply

changing the parameters of the perturbation plantie models

. Both perturbed and arrested movement showed thabeement ended at the
same Equilibrium Point, whether unperturbed or e tpresence of a velocity

dependent perturbation provided central commandsaia unchanged
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5.2 Limitations of the Study
1. The study is a test of the EPH, which assumes tht®emecontrol was undergone
with a monotonic descending command. Therefore, sioely excluded other
control schemes or higher level control by usingm@est arm movement in the
experiment, and any trials which found exclusivatod mechanism have been
abandon. However, the human movement control agenilxed or alternative
control by multiple control schemes in real lifagtmulti-scheme motor control

patters have not been addressed in this study.

2. In normal subjects, the study used mostly rightdhdominant young adults as
subjects. However, diversity of the subjects susHaators of age, gender, and

left hand dominant have not been taken into thesidenation.

3. Clinical subjects are essential in extension of gshely. Subjects with different
neural disorders should be divided into CP / spigtigroup, stroke patients
group and other disorder group to study the EPHtrobrn different neural

disorder conditions.
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5.3 Conclusions

In unobstructed voluntary arm movement:

1. The EPH models use realistic impedance values eotiipes desired joint

trajectories and joint torques in unperturbed vdmarm movement.

2. The enhanced relative damping model allows the itod@&oduce a trajectory
that is reasonably fast and accurate in a varieyngular velocities, while being
robust over the range of human joint velocities.

3. The model is able to incorporate the timing of adthetical EP trajectory that is
taken from experimental EMG data and produce asteabutput that is close to

the experimental data from which the EMG resulted

This present study suggests that subjects may amaithe same control
patterns regardless of added perturbations assediawith substantial changes in

EMG activity and kinematics from the both experitaeand simulation results.

1. Kinematic and EMGs of both perturbed and arrestedeweproduced by using
the same control patterns eliciting a monotonidt shithe equilibrium state of the

system ending before or near the peak velocityeaupbed movement

2. The Simulink model results confirmed the assumgstion perturbed movement

tasks by simply changing the model parameters.

3. Both perturbed and arrested movement showed thmbveement ended at the
same Equilibrium Point, whether unperturbed orhe presence of a velocity
dependent perturbation provided central commanugaireunchanged
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5.4 Contributions
The study theoretically described the EPH origoratiand controversy, using
experimental methods and cutting-edge scientifibrieue to test and verify the EPH
as a mechanism of motor control under the variemydiions. The experimental
results suggested the EPH is a valid theory inhtlean arm movement control not

only in the unobstructed motions but also in thstalrted motions.

The parameters used in the mathematical modehateireasonable range of
human physiology. The real time feedback of the ehodhich is believed to be the
cause of unstable system, were incorporated imtbdel, the results implied a strong

robust of the model.

We believe that patients' abnormal movement pateould be improved by
the identification of the biomechanical factorsttbantribute to abnormal movement

in the model and could be designed treatments dicayy.
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5.5 Future Research
The obstructed voluntary arm movement has not leesstigated in the multi-joint /
segments control in terms of EPH. Further worksuch situation could be done to
support and widen the range of EPH applicationhénmotor control of obstructed arm
movements.

A involuntary unobstructed arm movement in pugjliarm by HM, is to be
further investigated, as which mechanism is doreinatthe passive arm movement is
still unknown in terms of motor control. Therefora, two joints multi-segments
kinematics model and a more complicated neuralrobntodel are required to explore
the control mechanism.

There are many factors (neural feedback, synaptictijons, muscle elasticity,
viscosity and so on) contributing to the overabgerties of muscle, which dominate the
K and B. However, these factors and their individiamtribution are still unknown. It is
essential to investigate these to support this ysttat neural and physiological
foundations in the future.

Clinical data from subjects with CP, spasticityjoké or other neural disorder
subjects are necessary to verify both models amé@ssumptions with more incorporated

parameters in the EPH model.
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