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Abstract. This paper addresses the identification of the equivalemhar@cal properties of

a helicopter pilot. A multibody model of the kinematics @& tipper limb is used to describe
the motion of the left arm holding the collective controtktiGeometric and inertia properties
are obtained computing regression equations on anthropacrsairveys, considering the pilot’s
weight and height. The multibody model of the pilot’s uppablis required to analyze the in-
voluntary participation of the pilot to the injection intbe control system of the motion induced
by the aircraft’s vibrations. The proposed method is vaédhusing generated data. Its ro-
bustness is illustrated and discussed. No conclusiveteelal/e been obtained using measured
data. Possible causes are discussed as well.
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1 INTRODUCTION

Pilot biomechanics modeling received significant attentiothe literature. One of the rea-
sons is the essential role it plays in the so-called PilogiAanted Oscillations (PAO), a form of
Aircraft-Pilot Coupling (APC) that involves the uninterdlparticipation of the pilot in sustain-
ing and amplifying oscillations of aeroelastic nature iraage of frequencies higher that those
a human being is supposed to be able to intentionally coaett€t]. This type of phenomena
is well-known in fixed wing aircraft, but its occurrence haseh reported in rotary wing ones
as well [2].

Pilot biomechanics modeling represented the subject @nskte research, especially with
reference to fixed wing aircraft, as soon as performance ongnents and significantly the
introduction of Automatic Flight Control Systems (AFCS)dairly-By-Wire (FBW) raised the
pass band frequency of flight contrals 3, 4].

Similar trends may be observed in the rotorcraft field, aljio a little later. Rotorcraft
present peculiarities with respect to fixed wing aircrathing of them are related to a different
layout of the controls, significantly of the collective canitstick and the dynamics it controls
[5]. The simulation of unconventional rotorcraft configtioas, like tiltrotors, with a mix of
conventional collective control stick and Thrust ContreMer (TCL), may require special care
as well in modeling the passive interaction with the pilg{16

Recently, the problem was investigated in Europe by the GABRR HC AG-16 project.
Among the results of this activity, the importance of coesidg the pilot biomechanics when
modeling rotorcraft aeroservoelasticity emerged as angtmdication [8[ 9].

This work presents some results of an activity aimed at ifleng) the properties of biome-
chanical models of rotorcrafy pilots. The multibody modgliof the pilot’s biomechanical be-
havior is presented first, addressing issues like the Imtecement of the model in the cockpit
with the desired configuration, and the reconstruction efkimematics from measures, includ-
ing the case of redundant measures. The problem of detergnsuiitable constitutive models
of the articulations is discussed. An approach based on palance fitting is proposed. Its
application to a set of numerical problems is illustrated] &s applicability to experimental
results is discussed.

2 MULTIBODY MODELING OF THE PILOT

To model the pilot’s biomechanics in detail, a multibody rabdf the pilot has been de-
veloped. The aim is to provide a detailed biodynamic modai #tlows the simulation of the
pilot’s behavior based on first principles, exploiting theolwledge of accurate kinematic and
inertial properties of limbs and articulations, completgdimpedance properties of relevant
articulations obtained from dedicated measurements. i$leispected to allow realistic simula-
tions of the behavior of the pilot without the need to refeatspecific reference condition, as
required when using standard linear transfer functions.

A complete kinematic model of the pilot's body has been daved [10]. A kinematic
procedure has been defined for the initial placement of tloe jpiside the helicopter cockpit.
This procedure is required to correctly compute the infiadture of the pilot within the cockpit.
In fact, the collective and cyclic sticks need to be grabbgthke pilot while sitting on the seat,
with the feet correctly placed on the pedals and the torswlpin the back of the seat.

In this preliminary phase, since the main objective of thiskas to study the pilot-collective
interaction, the model of the arm grabbing the collectivexsracted and isolated. This is
required, because the only available experimental dataistsrnin measurements related to the
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Figure 1: Sketch of the multibody model of the pilot in thetialiconfiguration. The larger spheres represent the
articulations, while the smaller ones are located at théezeri mass of the limbs.

orientation and acceleration of the left upper limb, theddlt® motion of the seat and the
relative motion of the collective stick.

An attempt is made to use the model to identify meaningfuii@ohanical parameters start-
ing from the experimental data describediini[11].

2.1 The Pilot Model

The multibody model of the pilot is made of a set of rigid badiepresenting limbs, hands,
feet, torso and the head, and by a set of joints represetténgrticulations. The model consists
in:

e geometric properties: the points where limbs connect,dlsive orientation of the limbs,
and the relative motions allowed by each articulation;

e inertial properties: estimated mass, center of gravitgtmn and moments of inertia of
each limb;

e impedance properties of the muscles at each articulatisirtformation is seldom avail-
able in a manner that allows to build a multibody model of a harbody the way this
model is usually intended, since the impedance of the msisety depend on a number
of factors that are beyond the simulation capability of @rtional mechanical simula-
tion software: muscular activation level, pilot’s workbhailot’s fatigue, pilot’s attention,
and more. The identification of those properties is the dhjeof this analysis.

Most of this data depends on the size of the pilot; a grossdisin is based on the sex, the age
(child or adult), the height and the weight of the individu@here exist databases that provide
this type of information based on statistics (see €.¢. [12])

A sketch of the model is shown in Figure 1. Rigid bodies and@aldtions are represented as
blue and green spheres; respectively. The model is madergfitibodies, detailed in Tablé 1,
and by 16 joints, detailed in Talle 2.

Numerical data used in the model for the geometry of the bdidybé length, mass and
inertia moments) have been obtained using a tool named FBRQ&d on a statistical biometric
database called GEBOD, illustratedin]12]. This tool pd®s estimated biometric parameters
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Table 1: Multibody mo

del of the pilot: rigid bodies modelitigbs.

Rigid Bodies

Description

1

NDANPWPE

Head

Neck

Lower, central and upper torso
Right/Left lower and upper arms
Right/Left hands

Right/Left lower and upper legs
Right/Left feet

Total

Table 2: Multibody mo

del of the pilot: joints modeling ardiations.

Joints Name Connecting Joint Type

1 Upper Neck Head - Neck Spherical Hinge
1 Lower Neck Neck - Upper Torso Spherical Hinge
2 Right/Left Shoulder Upper Torso - Upper Arms  Spherical dgéin
2 Right/Left Elbow Upper - Lower Arms Revolute Hinge
2 Right/Left Wrist Lower Arms - Hands Spherical Hinge
1 Waist Upper - Central Torso Spherical Hinge
1 Pelvis Central - Lower Torso Spherical Hinge
2 Right/Left Hip Lower Torso - Upper Legs  Spherical Hinge
2 Right/Left Knee Upper - Lower Legs Revolute Hinge
2 Right/Left Ankle Lower Legs - Foots Spherical Hinge
16 Total
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Figure 2: Sketch of the pilot model inside the cabin as rasyfrom the initial placement procedure.

based on the sex and age of the individual and either on tleepide or the combination of
weight and height.

A parametric prototype of a multibody human has been deeelppo that multiple indi-
viduals can be independently included in a single analygisiimply changing the biometric
parameters and by defining the posture, namely the locatidimaentation of a reference point
and the relative position of each articulation, if known.

2.2 Initial Placement

After the model is generated, the initial condition of theteyn must be computed. Since the
pilot is seated inside the cabin while handling control barsinitial configuration representing
this situation needs to be computed.

The direct estimation of the relative orientation of thaecatations of a pilot in a cockpit,
when the size of the pilot and the desired initial positiorthedf controls can vary, may not be
a trivial task. The multibody analysis can help in this cagecbmputing a consistent initial
position.

This task is achieved by means of a kineto-static simulatioing which the model, starting
from an arbitrary initial configuration (the default one ispicted in Figurdll), is driven to a
position consistent with the case of a pilot inside the logdier cockpit. Multiple requirements
need to be met: the pilot is seated on a helicopter seat, @@hteelts fastened, holding control
sticks and keeping feet on pedals at a specified initial cbptsition.

By driving the required points of the model to the desiredifpms, this task can be easily
achieved when the cabin dimensions are known. An exampleedhitial configuration on the
pilot inside the cockpit is depicted in Figutke 2.

The kinematic procedure used to drive the model in the dégiosition will be described in
subsequent sections, since it is analogous to the methpdoked to reconstruct the motion of
the pilot starting from experimental measurements.

2.3 The Arm Model

Experimental data refers to the acceleration and oriemtati the arm handling the collective
stick. The system is excited by the heave motion of the seztially, the whole cockpit moves.

5
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Table 3: Joint constitutive laws dimensionality.

Joint Dimension Free directions
Wrist 2 X-Y
Elbow 1 A
Shoulder 3 X-Y -7
w ’_V w
™ ' e
¢ | - {
® y ° <l -

Figure 3: Sketch of the left arm grabbing the collectivelstithe location of the sensors is illustrated as well.

It is assumed that the motion of the seat does not significaliffer from that of the cockpit.
The objective is the motion of the arm and the rotation induisy the pilot in the collective
stick. For this purpose, a simplified model of the arm is etd from the complete pilot
model, together with the collective stick, considereddigi

The left shoulder is assumed to be rigidly attached to thg seee in the available data no
measurements of the motion of shoulder and torso were &laildhe collective bar can freely
rotate about its hinge. This is relatively consistent wite experimental setting of friction off.

When the hand grasps the collective bar the wrist rotationird the axis connecting the
wrist and the collective handle is prevented. This add#laonstraint is necessary to be able
to reconstruct the whole motion of the system starting frbeavailable measures. The dimen-
sions of the constitutive laws of the joints is summarizedable[3. A sketch of the partial
model is shown in Figuré 3.

2.4 Motion Reconstruction

The previously described model is used for parameter ifieation of the biodynamic fea-
tures of the real pilot. The first step consists in reconsitngcthe motion of the articulations,
based on available experimental measurements.

These are:

¢ the vertical acceleration of the seat;

e the rotation of the collective bar;

¢ the linear accelerations of the two MTx sensors;

¢ the orientation parameters of the two MTx sensors.

The MTx sensors are solid-state strapdown Inertial Measand Units, manufactured by
XSens (http://xsens.com/). They measure three compoatatseleration and angular velocity
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Figure 4: A planar mechanism with dummy springs.

in a reference frame attached to the sensor, and use irntagiattime, compensated by a
measure of the Earth magnetic field, to reconstruct theolabs orientation.

A human arm has 7 Degrees of Freedom (DoFs): the rotatioredthbulder adds 3 DoFs, 1
is added by the rotation of the elbow and 3 by the rotation efwhist.

The hand must grasp the collective stick, thus eliminatig3 DoFs corresponding to the
position of the hand, which must be coincident with a giveratmon on the collective stick.
The computation of the motion of the involved articulatioeasusually an under-determined
kinematic problem, because only 6 movements correspondipgsition and orientation of the
hand are imposed to determine the 7 DoFs of the arm.

In the present case, however, the addition of the movemesdsuned by the sensors makes
the problem overconstrained, since these impose 12 additomnstraints.

The kinematic solution is found using a clear physical iptetation of a least-square/pseudo-
inverse methodology in terms of a kineto-static probleme Tdllowing section describes the
approach, starting from kinematic inversion of redundaathanisms (as the human arm) and
proceeding with the extension to over-constrained problem

2.4.1 Kinematic Inversion of Redundant Mechanisms

Redundancy is defined as the number of DoFs exceeding thratly sequired to perform a
desired task in the workspace of the mechanism. For a sjggstém, 6 DoFs are required (in
the present case, to impose the motion of the hand), whileuhean arm has 7 DoFs.

The inverse kinematics problem for redundant mechanisrkaasvn to be ill-posed, since
the problem is underdetermined. The inverse solution iallystound in an error minimization
sense: among the infinite admissible solutions, the one mithmum norm is chosen. It is
usually obtained via pseudo-inversion of the governingimat

An interesting physical interpretation can be given of th@imum norm solution of the
kinematic problem when an auxiliary kineto-static systernansidered.

Consider a static system composed by a kinematic mechanitmmwdegrees of freedom,
whose joints motior® is reacted by a set of ‘dummy’ springs, as depicted in FiglireAd
arbitrary point of the system is forced to move along a spettifiathx(¢), with a specified
orientation, as required. This constraint is expressed st af non-linear relations between
joint coordinates and the specified path:

v(0) = x(t). (1)
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The static equilibrium configuration of this system is corgalias the the minimum of the
elastic potential energy associated with the spring sysiader the rheonomic end-effector
position constraint:

min (A@"KA®)  constrained by ~y () = x () (2)

whereK is the stiffness matrix of the springs. Using Lagrange rplitrs and linearizing the
nonlinear constraint equation, the minimization probldriq. (2) can be rewritten as

H; o } { X }:{ 1) (0 } ®)

where X is the vector of Lagrangian multipliers associated with to@straint equations. In
general, it represents the constraint reactions and, s1dase, it specifically represents the
forces that must be applied to the end-effector to produeentbtionx(¢) in the auxiliary
problem. This implies that the multipliets do not have a specific physical meaning for the
actual problem, they are only meaningful with respect to‘thenmy’ problem of solving the
underdetermined kinematic problem.

The problem is solved by computing, at each titvod interest, the static equilibrium of the
auxiliary system with the external dummy forces and momanitstroduced by the constraint
that drives the motion of the end-effector. This system afaigpns can be solved for all times
t of interest to find the solution of the inverse kinematicsybem.

The method results in the classic Moore-Penrose pseudns@wf the Jacobian of the con-
straint matrix when an isotropic diagonal stiffness maisixsed, namel¥ = «l. In fact, the
first block row of Eq. [B) can be solved fdx@, yielding

AO = —K‘lfy/TeA 4)
which, substituted in the second row, gives
—’)’/eK_l’Y/TeA =x(t) —v(0). (5)

Matrix 7/0K‘17/0T is square. Ity 4 is not rank deficient (i.e. if the constraints are not redun-
dant), it can be inverted to yield

A= —(’)’/GK_l’Y/eT)_l (x(t) —~(0)). (6)
By back-substituting\ in Eq. (4),0 results in
A0 =K'y (/6K v/gr) " (x(F) = 7(9)), (7)

which corresponds to a classical pseudo-inverse viKéndiagonal isotropic.

If K # «ol, the spring stiffnesses can be considered free paramét@rsan be used as
penalties on the motion of each joint in favor of other joiatsl, as such, they become design
parameters to shape the solution. In this case, the solafithre inverse kinematics problem
is computed in a weighted least squares sense: weights r@e&tlgligiven by assigning the
stiffnesses of the dummy springs.

These parameters can be selected in order to penalize themadisome joints in favor of
others, to drive the solution towards a more natural motibthe arm. Static external forces
can be added to further shape the solution. For example, ¢ightvcan be added to privilege
solutions that account for gravity.

The method can be easily implemented in general purposéandit softwarel[13] and thus
well suits the analysis of complicated systems like the hubwaly.

8
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2.4.2 Overconstrained System

When the number of imposed movements exceeds the numberks the system is kine-
matically overconstrained. This means that there are mguatens than unknowns.
Consider a generic linear constraint

Ax =b: (8)

constraints are redundant if the row-rankof matrix A € R<*" is less than its number of rows,
c. Constraints are inconsistent when they are redundantalioenn rankr-. of matrix A is less
than the number of constraintg,and vectoib € R does not belong to the column space of
matrix A, so that Eq.[{8) has no solution.

In the case under investigation, the arm is forced to moverposing the measured motion
of the collective bar, of the seat and of the sensors. In,thgakquations are imposed:

e +1: Collective motion

e +1: Seat vertical motion

+5: hand grasping the collective bar
e +6: 3 linear acceleration and 3 orientation parametersefitht sensor

e +6: 3 linear acceleration and 3 orientation parametersestdtond sensor

In this case, a least square solution is required. Also #sils tan be obtained by the solution
of an equivalent kineto-static problem. The driving coasits are imposed in a relaxed manner:
instead of directly imposing a set of algebraic constraigts. (1), the driving constraints are
imposed as dummy elastic forces acting on the auxiliaryesystescribed earlier. The resulting
equilibrium equations are:

KA = —v /oK. (v (A0) —x (1)) (9)

where matrixK is again the stiffness matrix of the dummy springs that réaeimotion of the
joint. Matrix K, represents a stiffness associated to a new set of dummygsphat relax the
imposition of the motion. This new set of dummy springs carns¢he points whose motion
is measured is known, i.e. the locations of the sensors,dditibs. Note that vectoy has
dimensionmn > n.

This allows to find the solution of the inverse kinematicshypeon in a least square sense:
mechanism redundancy (underdetermination) is solved hyibmK that is used to tune the
motion of the joints, the set of driving equations is solvediway that minimizes the norm of
vectorK., (v (Af) — x (1)).

Also matrixK.. is a weight matrix: the higher the value of the stiffness asged to the-th
equation, the smaller the violation of the constraintAd) = z; (¢) that is allowed. In the limit
case ofK; — oo, thei-th driving constraint would not be violated.

This procedure enables the solution of the over-driven lgralunder investigation and al-
lows the computation of vectdt and its time derivative@ andé.
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Figure 5: Sketch of the forces acting on the system.

3 POWER BALANCE APPROACH

An approach based on a power balance is proposed. The chatige total energy of an
open system must be equal to the net power flow. When only mexdianergy is considered,
under the assumption that thermodynamical changes candbected, the resulting equation
can be used as the functional to be matched.

The power balance for the whole multibody system yields

dE}

where £, is the kinetic energy]l, is the power of the gravitational forceH,, is the power
needed to move the base drglis the power associated to the deformable joints. Thisicglat
ship is used to estimal@; and to indirectly identify the constitutive laws of the j&sn

A multibody model of the problem allows to estimate the tinegivhtive of the kinetic en-
ergy £ from the measurements of the motion of the base, of the d¢oéebar, and of the
accelerations and angular velocities of the instrumenield by means of the MTx sensors,

dE, :Z(B-XCM+’5’CM'°~’)> (11)

dt body

where the momenturs, its time derivative3, the momenta moment.,, with respect to the
center of mass, its time derivativg,,,, the center of mass linear velocityy, and the angular
velocity w of the 4 rigid bodies of the arm model are standard outputs of theibudiy code
MBDyn.

The power of the gravitational forces is computed as:

I, (t) = Y _mg-Xcw, (12)
body
wherem is the mass of each body, estimated from the GEBOD databadeg;, ia the gravity
acceleration vector. The power contributidpcannot be computed in a trivial way because the
force needed to impose the base mofipis not known. However, from the sketch in Figlite 5,
the forcef, is
f, =r, +r, (13)

10
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wherer, is the reaction force in the shoulder ands the reaction in the collective hinge.
After definingf as the force exchanged between the collective bar and thk tienreaction
forces can be easily computed as

rs = —f + fh + fl + fu, (14)

wheref),, f, andf, are the sum of the inertial and gravitational for@andmg respectively of
the hand, lower arm and upper arm. Then

r.=f+f, (15)

wheref. is the sum of inertial and gravitational force of the colieetar.
The powel, is then:

Hb (t) - fb 'Xb
=(f,+f,+f,+f.) %
:Z<5+mg) %y, (16)

body

wherex, is the velocity imposed to the base. Therefore the pdWwedoes not depend on the
unknown internal forc& when the equilibrium of the whole system in the vertical diien
is considered. Thus it can be computed by only knowing theiaidorces and the system
movement.

Finally, the power associated to the deformable joints is:

() = 08 -1, - T,
:Z<<B+mg> '(X_Xb)+'5’cm'w>. (17)
body

From the expression of the power associated to the defoemaioits,I1;, as a function of the
time ¢, the constitutive laws of the joints can be identified. Fafsa constitutive law structure
must be assumed, namely

m, = £ (6,,0,,p). (18)

where the joint moment, is function of the joint rotatiord,, of the joint angular velocitg,
and of some constitutive law parametexrsThe joint rotationd, and rotation raté, are stan-
dard outputs of the multibody simulation as well. The pararsp are obtained by minimizing
the functional:

J=5 ij (T (t) — TP (1)) (19)

wherell? is the expression of the power associated to the deformaiitsjas a function of the
parameterp:

=Y m, <9a,9a,p) -9, (20)

articulations

For example, consider the identification of the parametkseslonear Viscoelastic Isotropic
(LVI) constitutive law for each joint. The assumed joint stitutive law is

m = k0 + 16, (21)

11



Vl. Vialtabonli, A. Fumagalil, G. Quaranta, and r. iviasaratl

therefore6 parameters need to be identified: the stiffness and dampieffigents of wrist,
elbow and shoulder, respectively, k., kg, 7y, Te €75.
The expression of the pow#¥? (¢) is

MPt)=[ 00y 00, 0,-05 0,0y 0.-0. 05-0, ]

J

s 4 (22)

\ Vs

By evaluating the previous expression at each time stepobtans the linear expression
IT} = Ap, (23)

where the rows of matrixA are represented by the first multiplier at the right hand sifle
Eq. (22), evaluated at each time step. When this consttutiodel is used, the minimization
problem can be solved analytically as

p=(ATA) " ATH,. (24)
4 NUMERICAL RESULTS

4.1 Results without Measurement Noise

In order to test the identification procedure based on theepdalance, a set of exact mea-
sures has been generated by a multibody simulation of theriexent, using arbitrary joint
constitutive laws. This set of measures has been inputlitadientification procedure.

The procedure consists in performing a multibody dynamadysis where:

e the collective rotation,
e the base motion,

e the motion of the two MTXx sensors

are imposed. This allows to define the motion of the wholeesysn an appropriate manner.
All the quantities needed to compute the power associatdektdeformable joints are obtained
as outputs from this analysis.

4.1.1 Linear Viscoelastic Isotropic Constitutive Law
The constitutive law for the 3 deformable joints is Lineastbelastic Isotropic (LVI):
m = k0 + r6; (25)

Table[4 shows the value of tlieparameters that have been used during the simulation of the
experiment. During the test simulation a movement of the liashe heave direction has been
imposed, as in the real experiment. The input is a randomakiitered at10 Hz. Figure[6
shows the input signal as a function of time. A smoothingsmamt has been added to improve
the initial convergence of the multibody analysis. Figurshéws the frequency content of the
input signal.

12
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position, m

position

Table 4: LVI constitutive law parameters.

Joint stiffnessk, Nm) damping {, Nms)

Wrist 99.1 0.991
Elbow 3.5 0.035
Shoulder 4.0 0.040
0.01
0.005
0
-0.005
input ——
-0.01 smooth input
0 2 4 6 8 10 12 14
time, sec

Figure 6: Seat vertical motion.

0 10 20 30 40
frequency, Hz

Figure 7: Seat vertical motion frequency content.

13
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Table 5: Identified LVI constitutive law parameters (wittiguavity).

Joint Imposed value Identified value Error, %
Wrist stiffness, Nm  99.1 99.0806 -0.0196
damping, Nms  0.991 0.9903 -0.0657
Elbow stiffness, Nm 3.5 3.4994 -0.0178
damping, Nms  0.035 0.035 0.0210
Shoulder stiffness, Nm 4.0 4.0009 0.0220
damping, Nms  0.04 0.0401 0.2343

Table 6: Identified LVI constitutive law parameters (witragity).

Joint Param. Imp.val. Id. val. Err., % Id.val. Err., %
CL1 CL2
Wrist k, Nm  99.1 90.2172 -8.9635 99.3978 0.3005
r, Nms 0.991 0.8907 -10.1225 0.9905 -0.0519
mg, Nm — — — 0.7201 —
m,, Nm — — — 0.0491 —
Elbow k, Nm 3.5 -5.1268 -246.48 3.4523 -1.3627
r, Nms 0.035 0.0031  -91.0234 0.035 0.1213
m., Nm — — — -0.0807 —
Shoulder &, Nm 4.0 -1.225  -130.62 4.0146 0.3656
r, Nms 0.04 0.4705 1076.3 0.0419 4.8496
m,, Nm — — — 0.3126 —
my — — — -5.3629 —
m., Nm — — — -0.0045 —

Simulation without gravity.  Tabled shows the identification results when the experiment
simulation is performed without gravity. Results are elar@land they show the correctness of
the identification procedure based on the power balance.

Simulation with gravity.  When gravity is added to the experiment simulation, the igual
of the results degrades. Talblle 6 shows the results obtagiad two constitutive laws for the
identification:

identified value CL1: the identified constitutive law is linear viscoelastic reqic:
m = k0 + r0; (26)
identified value CL2: the identified constitutive law is linear viscoelastic reqic with a bias:
m = mg + k6 + r6; (27)
The results of TablEl6 show how the bias is required to obtajaa identification, otherwise

the results are not physically meaningful because negstiffeess values appear. When gravity
is considered, identification errors are larger but acddptarovided bias is considered.

14
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Figure 8: Comparison of the collective bar rotation obtdingth the imposed and identified constitutive law
parameters.

Table 7: Identified system poles (LVI constitutive law, wiffavity).

Pole Imposed value Identified Value
Pole 1 frequency, Hz 3.71 3.78

&, adim. 0.53 0.58
Pole 2 frequency, Hz 7.16 7.07

&, adim. 0.34 0.34

Assessment of Results. In order to assess the quality of the results obtained wigtvity,
the experiment simulation has been repeated using thafiddrtonstitutive law. The resulting
collective bar rotation has been compared to the rotatidainéd with the initially imposed
constitutive laws. Results are compared in Figure 8. Therdiginows that the difference
between the two signals is very small.

To further test the capabilities of the identified model togarly represent the relationship
between the vertical motion of the pilot and the rotationhad tollective bar, a fourth order
state space model has been identified using a subspace metplednented in the System
Identification Toolbox of Matlak [14].

The vertical motion of the pilot is the state space model irgna the collective bar rotation
is the output as obtained from the experiment simulation.tadesspace model is estimated
from measurements obtained with the imposed and the idshtfnstitutive law parameters.
The poles of the two state-space models are compared in [flabléne results show a good
agreement both in terms of frequency and damping.

4.1.2 Linear Viscoelastic Orthotropic Constitutive Law

The identification procedure has also been tested with a cwrplex, Linear Viscoelastic
Orthotropic (LVO) constitutive law:
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Table 8: LVO constitutive law parameters.

Joint direction stiffnessi; Nm) damping {, Nms)
Wrist X 100 3.00
y 50 1.50
Elbow z 3 0.06
Shoulder x 15 0.15
y 25 0.25
z 35 0.35

Table 9: Identified LVO constitutive law parameters (withgtavity).

Joint Parameter Imp. value Id.value Error, %
Wrist k., Nm 100.0 99.29 -0.71
k,, Nm 50.0 51.88 3.76
ry, NMS 3.0 2.99 -0.31
ry, Nms 1.5 1.48 -1.36
Elbow k., Nm 3.0 3.02 0.54
r,, Nms 0.06 0.0611 1.84
Shoulder k., Nm 15.0 17.33 15.52
k,, Nm 25.0 67.62 170.48
k., Nm 35.0 34.81 -0.53
ry, NMS 0.15 0.33 121.71
ry, Nms 0.25 0.50 101.23
r,, Nms 0.35 0.34 -1.71
e shoulder:
My Moy k. 0 0 0, r, 0 0 935
my =4 Moy p+| 0 k, O 6, ¢+ 0 7, O Oy (28)
m, Mo, 0 0 k, 0, 0 0 r, 0,
e elbow: .
m, = Mo, + kzez + Tzez; (29)
e Wrist:
My Moz k, O 0, ry 0 «9:,;
= . : 30
{my} {mOy}+[0ky}{ey}Jr[OTy}{@y} (30)

Table[8 shows the reference values of the parameters of tistitdive laws.

Simulation without gravity.  Table[® shows the identification results with measures nbthi
from a simulation where the constitutive laws are lineace@astic orthotropic, gravity is not
present and excitation is only in the vertical direction.

The identified values of the parameters of the wrist and elbomstitutive laws show an
error below5%. The error is larger for the constitutive law of the shouldeparticular for the

16



Vl. Vialtabonli, A. Fumagalil, G. Quaranta, and r. iviasaratl

Table 10: Identified system poles (LVO constitutive lawheitit gravity, excitation only in the vertical direction).

Pole Imposed value Identified value
Pole1 frequency,Hz 6.61 6.62
&, adim. 0.33 0.34
Pole 2 frequency, Hz 11.62 11.59
¢, adim. 0.41 0.41
0.0015
0.001 |
0.0005 | | A A |
(@] | y ‘
3 0 ‘ V| |
8 -0.0005 || ! || |
2 \
-0.001
10.0015 | m
u‘ Actual constitutive law ——
-0.002 Identified constitutive law
10 10.5 11 115 12

time, sec

Figure 9: Comparison of the collective bar rotation obtdingth the imposed and the identified constitutive laws.

parameters in the andy directions. Despite the high identification error of someapaeters,
the model can adequately represent the relationship battheevertical motion of the pilot and
the rotation of the collective bar. This is shown in FiglreMhere the collective bar rotation
obtained with the imposed and the identified constitutiveslparameters are compared (they
can be hardly distinguished), and in Tablé 10, where thespaflthe state space model identified
from the two responses are compared.

The poorly identified parameters appear to have a negligigact on the relationship be-
tween the vertical motion and the collective bar rotatiohe Quality of the identification im-
proves when the system is simultaneously excited in all theetions during the simulation of
the experiment. The identified parameters in this lattee @me shown in Table11.

Simulation with gravity.  When gravity is considered, the quality of the identifiedues of
the constitutive laws parameters is very similar to thalaot#d without gravity, as shown in
Table[T2. When all directions are simultaneous excitedgtiaity of the results improves. In
any case, the parameters that are poorly identified do noifis@ntly affect the response, as
shown in Tabl&T3.

4.2 Measurement Noise

In real experiments measures are always affected by measatenoise. Noisy measures
may not be consistent from the point of view of kinematicooldfems related to this inconsis-
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Table 11: Identified LVO constitutive law parameters (withgravity, excitation in all directions).

Joint Parameter Imp.value Id.value Error, %
Wrist kr, Nm 100.0 100.16 0.16
k,, Nm 50.0 50.03 0.06
Tz, NMS 3.0 3.00 -0.058
ry, NMS 15 1.49 -0.76
Elbow k., Nm 3.0 3.01 0.17
r., Nms 0.06 0.0604  0.63
Shoulder k., Nm 15.0 16.51 10.04
k,, Nm 25.0 19.70 -21.20
k., Nm 35.0 34.92 -0.23
7z, NMS 0.15 0.27 80.14
ry, NMS 0.25 0.07 -70.81
r,, Nms 0.35 0.345 -1.32

Table 12: Identified LVO constitutive law parameters (withgty).

Joint Par. Imp.val. Id.val. Erm.,% Id.val. Err., %
Z exc. XYZ exc.

Wrist k., Nm  100.0 97.82 -2.18 100.19 0.19
k,, Nm 50.0 62.10 24.19 48.95 -2.10
Tz, NMS 3.0 2.99 -0.28 2.99 -0.35
ry, NMS 15 1.46 -2.63 1.50 0.19
Moz, NM — -0.39 — 0.34 —
Moy, NmM — 0.13 — 0.074 —

Elbow k., Nm 3.0 2.85 -5.05 2.93 -2.19
r., Nms 0.06 0.0614 2.31 0.0608 1.26
Mo., Nm — -0.19 — -0.12 —

Shoulder k., Nm 15.0 -14.38 -195.88 25.75 71.69
k,, Nm 25.0 110.95 343.81 24.49 -2.02
k., Nm 35.0 36.03 293 34.53 -1.35
rz, NMS 0.15 0.56 270.36 0.14 -8.60
ry, NMS 0.25 0.54 114.68 0.66 166.09
r,, Nms 0.35 0.34 -4.12 0.35 -0.0044
Moz, NM — 0.91 — 0.50 —
Moy, NmM — 2.90 — -2.52 —
Mo-, Nm — -0.29 — -0.10 —

Table 13: Identified system poles (LVO constitutive law,ingravity).

Pole Imp. value Id. val.-Z exc. Id. val.-XYZ exc.

Pole 1 frequency, Hz 6.15 6.39 6.34
&, adim. 0.35 0.34 0.35

Pole 2 frequency, Hz 11.89 11.74 11.77
&, adim. 0.39 0.44 0.44
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tency arise when a redundant set of measures is used to irfEos®tion of the whole system.
This occurs when the position and the rotation of the 2 MT)ssenplaced on the arm and on
the forearm are simultaneously imposed.

In this case the inconsistent set of measures can be pregeaxtby a kineto-static multibody
simulation to obtain a consistent set, as described in thesaetion.

4.3 Kinematic Compatibility by Inverse Kinematics

The inverse kinematics simulation, explained from a thicak point of view in subsec-
tion[Z4.1, is performed to transform an inconsistent seat@fsures into a consistent one. After
preprocessing, the consistent set of measures is inputiatdentification procedure described
in SectiorB.

The inverse kinematics analysis consists in a static sitionlavhere the measured signals are
not directly imposed to the collective bar and to the two ME&xsors, but rather to additional
nodes, connected to the related bodies by elastic elemBEmésmotion of the whole system is
tuned by modifying the stiffness of these elastic connectiements.

The outputs of this simulation are the placement of the handitng the collective bar and
the arm and forearm motion in the points where the sensornglaced. The measures obtained
from this procedure intrinsically comply with the kinen@atonstraints.

4.4 Results with Noisy Measures
Two signals are added to the arm and forearm position andtatien measurements:

e arandom bias;

e alow-pass filtered random signal.

In order to test the inverse kinematics effectiveness tinstitoitive laws are identified in two
different ways:

ID using the noisy measures as input for the identificationgutace;

ID+KIN preprocessing the noisy measures with the inverse kinemaitmulation and using
these preprocessed measures as input for the identifiqgataedure.

Identification is performed in presence of gravity, with gatton only in the heave direction
and using linear viscoelastic constitutive laws. The patams of the constitutive laws are again
those summarized in Tatdle 4.

Figure[ID compares the exact and the noisy measures. Evee ifdise level is low, the
identification error is greater than the error obtained \lith exact measures.

Preprocessing the measures for kinematic compliance esdie identification error, as
shown in Tabld_T4. The poles of the system identified from #ical pilot motion and the
collective bar rotation, shown in Tablel15, are significamticorrect, especially the low fre-
guency one, unless preprocessing is used.

Using an higher noise level the identification quality warseTabld16 shows the results for
the noise level shown in Figufell12. In this case the resultaiodéd without preprocessing the
measures are definitely unsatisfactory, as shown also ile[[[@ The results for the identifica-
tion without the inverse kinematics preprocessing are memhe€omputed because the multibody
simulation with the identified constitutive laws paramstédoes not converge.

Further increment of the noise level leads to the imposgitib obtain significant results,
not even after preprocessing the signals by means of inkareenatics analysis.
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Figure 10: Comparison of the exact and noisy position messants in theX andY direction (low noise level).

Table 14: Identified constitutive law parameters with a lavise level.

Joint Param. Imp.val. Id.val. Erm.,% Id.val. Err., %
ID ID+KIN

Wrist k, Nm 99.1 96.29 -2.8 97.42 -1.69
r, Nms 0.991 1.0225 3.18 0.9882 -0.29
Moz, Nm — -2.35 — -1.6185 —
Moy, Nm — -0.9115 — -0.2038 —

Elbow k, Nm 3.5 2.796 -20.11 3.2593 -6.88
r, Nms 0.035 0.033 -5.82 0.0343 -1.90
Moz, NM — -0.1669 — -0.2711 —

Shoulder k&, Nm 4.0 3.1999 -20.00 4.5192 12.98
r, Nms 0.04 0.039 -2.42 0.0426 6.45
Moz, NM — -2.9975 — 0.2392 —
Moy, Nm — 12.4088 — 11.1424 —
Moz, NM — 0.2267 — -0.3353 —

Table 15: Identified system poles (low noise level).

Pole Imp. value Id. value, ID Id. value, ID+KIN

Pole 1 frequency, Hz 3.30 3.76 3.39
&, adim. 0.41 0.85 0.35

Pole 2 frequency, Hz 7.38 6.13 7.04
&, adim. 0.33 0.33 0.39
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Figure 11: Comparison of the collective bar rotation ob¢diwith the imposed and the identified constitutive laws.

Table 16: Identified constitutive law parameters with a Heylel of noise.

Joint Param. Imp.val. Id.val. Erm.,% Id.val. Ermr., %
ID ID+KIN
Wrist k, Nm 99.1 54.68 -44.82 91.51 -7.66
r, Nms 0.991 0.7713 -22.17 0.9849 -0.61
Moz, NM — -6.978 — -3.3998 —
Moy, Nm — -2.1393 — 0.4342 —
Elbow k, Nm 0.5683 2.796 -83.76 3.1311 -10.54
r, Nms 0.0466 0.033 33.16 0.0296 -15.43
mo,, Nm — -0.4075 — -0.4679 —
Shoulder k£, Nm 4.0 -2.4531 -161.33 3.6490 -8.78
r, Nms 0.04 -0.0119 -129.78 0.0182 -54.59
Moz, NM — -14.0243 — 0.9587 —
Moy, Nm — 49.7886 — 24.9748 —
mg., Nm — 1.4438 — -0.7704 —
Table 17: Identified system poles (high noise level).
Pole Imposed value Id. value, ID Id. value, ID+KIN
Pole 1 frequency, Hz 3.30 — 3.40
&, adim. 0.41 — 0.29
Pole 2 frequency, Hz 7.38 — 6.77
&, adim. 0.33 — 0.31
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Figure 12: Comparison of the exact and noisy position memsants in theX andY directions (high noise level).

5 Conclusions

The proposed identification technique gives good resulgbsence of measurement noise.
This illustrates the correctness of the underlying ideaoldanately this technique is not robust
enough with respect to the measurement noise and it toseoatyg low levels of noise.

Because of the limited robustness the proposed techniges@imable to identify reasonable
constitutive parameters from experimental measuremesitgyuelatively simple constitutive
models. It is worth stressing that in the real case there neynhbltiple sources of model
uncertainty that are not present in the simulated envirariplige:

¢ the arm anthropomorphic characteristics are estimated fre GEBOD database, so they
might not correspond exactly to the characteristics of thigexts of the experimental
tests;

e the initial position of the MTx sensors is not perfectly kngw

e the MTx position measure is obtain by means of a double iategr of the measured
acceleration;

e the structure of the actual constitutive laws is not knovarit seeds to be chosen a priori.

Further investigation and model refinement is required t@lble to fit the experimental data
with an acceptable agreement.
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