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Abstract.

This paper deals with an analysis of equivalent impedance characteristics of human-machine
systems taking contact and constraint conditions into account. The analysis consists of four
phases: modeling human-machine system, solving the equation of motion, deriving equivalent
impedance characteristics, and visualizing the results. First, each muscle tendon complex of
the human is modeled as a Hill-type model and the muscle path as a series of line segments
with viapoints using a wrapping technique. Then differential-algebraic equations (DAES) of the
human-machine system are formulated by modeling both of the human musculoskeletal struc-
ture and the object as the unified multibody system. Next, the joint torque of the human and the
generalized forces of the object are obtained from inverse dynamics using motion and external
force data. Muscle forces are estimated using a sequential quadratic programming with main-
taining a balance against the joint torque. In the analysis phase, muscle stiffness and viscosity
are calculated from the Hill-type model. According to coordinate transformation of tensor,
human muscle impedance is transformed into reference points defined on the object, and they
are synthesized with the object impedance so that equivalent impedance of the human-machine
system then be obtained. The results are visualized three-dimensionally to enhance usefulness
of the analysis. An upper extremities motion in forklift steering operation was analyzed as an
application example. Equivalent inertia and stiffness at the human hand and around a steering
column are calculated. The results show an effectiveness of the equivalent impedance analysis
to investigate driver’s strategy in a steering maneuver.
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1 INTRODUCTION

When driving a vehicle on a bumpy road, we sometimes grasp the steering wheel of the vehi-
cle more strongly than on a flat road. Grasping is orthogonal to the steering torque that is a con-
trol input for traveling direction of the vehicle. It is believed that human beings subconsciously
perform other task than turning the steering wheel, with applying this unnecessary-like effort.

It is well known that muscles, only actuator for movements of human beings, provide various
viscoelastic characteristics from environmental inpjs Considering mechanical impedance
characteristics of both the human musculoskeletal structures and the object he/she is manipu-
lating together, it might be possible to clarify the physical significance of the skillful strategies

of human beings.

In the researches that analyze dynamics of the human musculoskeletal system, there are sev-
eral software systems have been proposed. Delp &} @itgtly developed a software package
called SIMM that enables users to develop, alter, and evaluate three dimensional musculoskele-
tal structures. Eberhard el @}[has also investigated dynamical analysis of human motion by
combining musculoskeletal structure modeling and optimal control techniques. Rasmussen et
al.|4] has proposed the software system called AnyBody and NakamuraS}thelq reported
same sort of software. The users of these system specify the surfaces of bones, the kinematics
and passive torque characteristics of the joints, the muscle path and force generating parame-
ters of the muscles. Then the softwares estimate muscle forces during movement by solving
inverse dynamics and optimization, or generate human motion by integrating forward dynamics
from controlled input forces. These softwares can be effective in the case of human motion
analysis. However, they have not yet led to analyze equivalent impedance characteristics of
human-machine systems.

Some studies have been undertaken for simulating the impedance characteristics of human
musculoskeletal systems. Takeda etGhldxpressed the viscoelastic properties of muscles by
polynomial formula in a joint space using experimental data, and proposed a method to express
the impedance characteristics of a human hand in a task space. Furthermore, Jjroake [
culated the equivalent impedance characteristics of an upper extremities taking the dynamics,
from the motor-command to the muscle contraction, into consideration. However, these studies
were not extended to include both the viscoelastic properties of the object and the constraint
conditions. In almost all of the operations, both the human and the objects are constrained in a
variety of ways. Therefore, it is difficult to directly apply these studies to a practical situation
where a human operates on an object.

In this paper, we propose a method for analyzing equivalent impedance characteristics of
human-machine systems taking both contact and constraint conditions into account. As shown
in Figll, this analysis consists of four phases: modeling human-machine system, solving the
equation of motion, deriving equivalent impedance characteristics, and visualizing the results.
First, each muscle tendon complex of the human is modeled as a Hill-type model and the muscle
path as a series of line segments with viapoints using a wrapping technique. Then differential-
algebraic equations (DAESs) of the human-machine system are formulated by modeling both of
the human musculoskeletal structure and the object as the unified multibody system. Next, the
joint torque of the human and the generalized forces of the object are obtained from inverse
dynamics using motion and external force data. Muscle forces are estimated using a sequen-
tial quadratic programming with maintaining a balance against the joint torque. In the analysis
phase, muscle stiffness and viscosity are calculated from the Hill-type model. According to
coordinate transformation of tensor, human muscle impedance is transformed into reference
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Figure 1:Overview of equivalent impedance characteristics analysis.

points defined on the object, and they are synthesized with the object impedance so that equiv-
alent impedance of the human-machine system then be obtained. In this derivation, contact and
constraint conditions are taken into account by using orthogonal complementary projections to
the null space of the contacts and constraints. The results are visualized three-dimensionally to
enhance usefulness of the analysis. An upper extremities motion in forklift steering operation
was analyzed as an application example. Equivalent inertia and stiffness at the human hand
and around steering column are calculated. The results show an effectiveness of the equivalent
impedance analysis to investigate driver’s strategy in a steering maneuver.

In the following discussion, muscle refers to the muscle-tendon complex unless otherwise
stated. When the muscle and tendon are compared, muscle refers to the muscle of the muscle-
tendon complex.

2 MODELING HUMAN MUSCULOSKELETAL STRUCTURE
2.1 Modeling Muscle Tendon Complex

As introduced in Ref8], there are several ways to express muscle tendon complex behaviors.
In this study, we deal a three-component model that is composed of contractile element (CE)
describing muscle belly, serial elastic element (SE) describing tension of the tendon, and parallel
elastic element (PE) describing passive force. Using this model, a muscle force is obtained from
the following equation;

fu = afmafofV605a7 (1)
fmaszEa (2)

where f;, is tension-length relationshig, is force-velocity relationshipfsg is serial elastic
force property as respectively shown in 2da), (b) and (c).a is the muscle activity level
(0 < a < 1) which represents the input signal from central nervous systems.the muscle
pennation angle.

The tension-length relationshjfy, is modeled as follows9][10]:

fr = e*(l_nrl)Q/SL7 (3)

L = Ly/lmo- (4)

3
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Figure 2:A model of muscle tendon complex and characteristics of the muscle force

l,, 1s the normalized length based on optimal muscle lefgth
The force-velocity relationshiy, is as follows BJ:

1+5m _ X
fv = L0 /Ay (=1<0m <0), (5)
(By—1)+0m(2+2/As)By (U > 0)
(Bf*1)+17m(2+2/Af) m

U = Zm/vmax7 (6)

wherev,, is normalized velocity based on maximum contract velocjty,.
The following equations are used to describe the serial elastic elefpnef#],

0 (I <0),
roe (€Fselt/ctoe — —
fop = 4 M) (0<h<an), ™)
klin (lt - 6toe) + ftoe (Gtoe < lt)»
l_t = (lt - ltO)/ltO7 (8)

wherel, is the normalized length based on slack length of the tefgon
As shown in Fig2 (d), the parallel elastic elemelfit; is modeled as

ekpe([—l)/eo -1

fre = —fp——, (9)

ekre — 1
I = 1/(Imocosa + ly). (10)
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Figure 3:Muscle path wrapping an ellipsoid.

Figure 4:Viapoints along ellipsoid surface.

2.2 Modeling Muscle Path

In modeling a musculoskeletal system of a human body, muscle paths are usually expressed
by line segments connecting viapoints between the origin and ins@ti&, 5, 6, [7]. How-
ever, because the viapoints are fixed to bones that are modeled as rigid bodies, there is a limit to
describe smooth muscle paths. Garner et land Charlton et al12] used a wrapping method
to connect between the origin and insertion along with the surface of an ellipsoid, cylinder or
cone. These methods, however, need an excessive computational load as convergent calculation
is performed on each muscle. In this study, a new wrapping algorithm that allows muscles to
conform to an ellipsoid with no convergent calculations are introduced.

As shown in Fig3, origin and insertion of a muscle are definedpas= (z,, v, z,)’ and
pi = (z45,s,2)" respectively. They are both defined in the frame of a wrapped ellipgojds
radius of each axis is,, b., andc.. Frames:, and¥,, are then defined on these two points.
Suppose thatl,, move towards the same direction8s in the case that,, is rotated along
the axisu € 3, [u| = 1 by ¢ (0 < ¢ < ). Then, a control poing, = (z,, y,, z,)" is defined
as follows

Pg = Po + NPio + Alu,n9)v, (11)

wherep;, € R is the vector from poinp, to pointp;, A(u, ) € R3*3 is the rotation matrix,
v € N3 is an arbitrary constant vector and< n < 1.
Considering the tangential line of the ellipsdidhat passes through the pojiptand is in the
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plane containing the poins, p; andp,. The tangent point,, = (x;, v, z:)* can be obtained
by solving the following system of equations.

+ 2y, (12)

Lot Yot Zoct
ae2+b2+ > =1, (13)

T Y oz 1
To Yo Zo L1 _yg (14)
Tq Yqg 2 1
o Yo oz 1

Although there are two solutions fer,, the one with a shorter distancezpis selected. Ro-
tating the vectom;,, in small steps untip;, coincidep;,, the above calculation is repeatedly
performed with the obtained point being inserted as a viapoint.

Because origin and insertion of muscle are usually on different bones gpaives smoothly
depending on movement of the bone. Therefor&,if ¥, O n andv are properly defined, it
is possible to enhance biofidelity of the muscle path. The algorithm was implemented so as to
work well even in the case that multiple ellipsoids are wrapped. Muscles with larger attachment
area, such as the broadest muscle of the back and the cowl muscle, are modeled as multiple
muscle paths sharing a muscle tendon complex model.

2.3 Formulating Equation of Motion

coordinate X, Human contact Object contact

Human Human muscle (
4 point coodinate X, point coordinate ¥,

Contact point

Object generalized
coordinate X,

L

Reference point
coordinate ¥,

B PR
e e\
R \ = o7
\
% Contact transmission

Human generahzed
virtual coordinate X,
coordinate X,

"' Reference point r

Human-machine system ’ Human ‘ ’ Interaction‘ ’ Object

Figure 5:Frames of a human-machine system.

The frames in a human-machine system is illustrated irbFig, is the frame for the length
of the muscle, € R", n, is the number of musclest, is the frame that is composed of
the generalized coordinates € R, and that expresses the movement of the human, while
Y. is the frame for the human’s contact with the object and is composed of the contact point
coordinateX, € ®. Similarly, 2, is the frame that expresses the movement of the object and
is composed of the generalized coordinatgse 1", while 3. is the frame for the object’s
contact with the human and is composed of the contact point coordiXates . 3, is
the frame for theu,, dimension that is used to express the transmission of force at the contact

6
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point between the human and the obj&8t[14]. In the state where the human and the object
are in contact, the three framgs, ¥;, and X, coincide, with their shared z axis oriented in the
direction of a line normal to the plane of contact, and assuming that no shifting occurs in the
contact point.X, is the frame with its origin at, the reference point for equivalent impedance
characteristics, which can be defined at anywhere on the object.

Each segment of the human body and each part of the object are treated as rigid bodies, where
the mass, center of gravity and moment of inertia of each of these rigid bodies are defined. On
each body, frames called marker are then defined to describe joints, muscle paths, positions of
contact and constraint. In accordance with above definitions and assumptions, an equation of
motion for the human-machine system are formulated as the following differential algebraic
equations (DAES),

M GT1[q Q-g—h—JI'F,
ERN N ! =

whereM = diag. [My, M,,] € R"*", n = nj, + n,, is the inertia tensor of the human-machine
system consisting of the human inerfig, € R"»*"» and the object inertid/,, € R"»*"n.

T . . . -
q= [th, qu] € R is the vector of the generalized coordinate consisting,of R"* and
Gm € R"™. G = diag. |Gy, G| € R, ¢ = ¢, + ¢, is the constraint JacobianG, €
Ren < rank(Gr) = ¢, < ny, is the Jacobian in terms of the human constrdipt G, €
Remxmm rank(G,,) = ¢, < n., is the Jacobian in terms of the object constraimt and
- : . T . .
joint constraint of the objecP,. A\ = F;{h, M| e Rentem s the constraint force and the
Lagrange multiplier. In this study, only the holonomic constraint expresség, &g, = 0 is

considered.Q = [rff,@ﬂ € R" is the generalized forcey = [g,f,gﬂ € R" is the gravity

term. h = [h}f, hﬂ € R" is the centrifugal and Coliolis forcey € R¢ is the term related to
derivative of the constraintsl, = [J.,, J.,,] € ®"*" is the Jacobian to contact points between
the human and the object, € R" is the contact force. In this study, relative coordinates are
used to describe the equation of motion of the human b8l ind the absolute coordinates
to describe the equation of motion for the objed|[ Thereforen, is the total number of the
degrees of joint freedom of the human body, angdis six times as large as the number of rigid

bodies comprising the object model.

3 SOLVING HUMAN-MACHINE SYSTEM
3.1 Solving Inverse Dynamics

Giving motionsg, ¢, ¢ and forcesF, into the formulated equation of motion EQ3), gener-
alized force() is calculated by using a projection methdd] as

PMéj:P(Q_g_h_JZFe)v (16)

where P € R™*™ is the matrix that describes the projection @fonto the null space. In

this method, it is unnecessary to calculate the constraint force and the Lagrange multiplier
Therefore, the joint torque of the humancan be obtained with the minimum set of input. In

this computation, the muscle length vectgr € R+ and the muscle contraction velocity €

R are also obtained by using muscle paths defined in the human musculoskeletal model. Also,
the muscle Jacobiai, € R >, which indicates the muscle moment arm characteristics, is
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Figure 6:Preconditioning muscle Jacobian

calculated from principle of virtual work.

oL,

J, = .
gy

(17)

3.2 Preconditioning Muscle Jacobian

Conventional musculoskeletal models assume that the direction of each muscle force is al-
ways only on the muscle path line. This assumption might be reasonable if the joint movement
is to a limited extent, but in the case of large displacements, it does not hold true because actual
muscles have volume and line of action can vary as reported inl8ef$o we process a pre-
conditioning for the muscle Jacobiafk) to give more effectively equilibrium with the human
joint torque. Fig6 illustrates the joint torque, and the moment arm vectdy,, before and after
the preconditioning. The outline of the algorithm is introduced here, the detail and effectiveness
is described in Refll9)].

Let; € R? define the torque vector gfth joint of the human with three rotational degrees
of freedom as

T; = [Ti77i+177'i+2]T7 (18)

wherer; is i th element ofr,. Moment arm vectod;;, € %* of musclek around joint; is also
defined as follows,
", (19)

whereJ, ; is (k, i) element ofJ,. Then the magnitude of muscle force of muskls defined
asf.,, € R!, these provide the following equation:

djk = - [Jk7i7 Jk,i+17 Jk7i+2

Ty

7= > djfu.- (20)
=1

This indicates thald;;| represents a magnitude of a joint torque of joinwhich is generated
by musclek . The direction ofi;;, matches that of joint torque of jointwhich is generated by
musclek. Therefore, the closer the direction @, to that ofr;, the more efficiently muscle
produce a component of.

In accordance with the following rules, the moment arm vegjpiare conditioned intdjk.

dix. = Rjn(Kik, Yix)djr, (21)

8
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djk X Tj

I 22
Sy L (22)
o exp(B—&ir) .
- . ’dk X Tj’
&k = asin (\cjijk||7j| > , (24)

whereR;;, € R**? is the rotation matrix, which rotational axis#is, € ®* and rotation angle is
v € R & € R represents the angle betwegp andr;.  is the conditioning factor which
determines a degree of change in directiod pf

Substituting the conditioned moment arm veetgrto corresponding elements 8f, we can
obtain the conditioned muscle Jacobian matkixc R"»*"«, Consequently, the equilibrium
between the joint torques and the muscle forces becomes

Th = _juT(QhaTmﬂ)fu' (25)

Note thatJ, becomes a function af;,, 7, and /3, so this technique is effective only in inverse
dynamics analysis.

3.3 Optimizing Muscle Force Distribution

The muscle forcg, € R can be obtained from the joint torqugaccording to the follow-
ing steps. Firstly, the applying joint torque of the humgre R™ is calculated eliminating the
passive force of the muscle from,

T =Th + Ji Fpp, (26)

whereFpp € R™ is the passive muscle force vector composing of the parallel elastic element
of each musclgp as describe in E@J.

Therefore, the muscle forgé can be obtained by solving the constrained optimization prob-
lem with

minimize T(fo) = [FWIW £, (27)
subject to T = —JL fu, (28)

whereJ (f.,) is an objective function of,,. Eq.28) is an equality constraint condition of equi-
librium between joint torques and muscle forces. B§).{s an inequality constraint condition
regarding range of,,. f, must be set greater than or equabtbecause muscle can act only
contraction.f,,.. IS @ maximum muscle force vectd#/ € R"+*"= is a weighting factor matrix
and defined as following equation.

W = diag{1/kpig}, (30)

pi Is physiological cross sectional area (PCSA) of museled determined refereed to R0

k is a coefficient which represents muscle force per unit PCSA and set é&1h.% [is grav-
itational acceleration. An et g2P] showed that the muscle force obtained from the objective
function using Eq30) is consistent with the muscle activity distribution obtained by measur-
ing electromyography (EMG). In this study, the above equation is solved by using sequential
quadratic programmin¢®f].
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Figure 7:Force/displacement relationships of a human-machine system.

4 ANALYZING EQUIVALENT IMPEDANCE CHARACTERISTICS

In this section, we describe a method for obtaining the muscle stiffRigss R™+*" and
muscle viscosityB, € R™*" from the muscle forcg,. Then the human muscle impedance is
transformed into reference pointsaccording to both coordinate transformation of tensor and
an orthogonal complementary projection technicLié.|

4.1 Muscle Stiffness and Viscosity
By using Eq/L), activity level of the muscle € R™ is calculated as

Ju

 fmazfrfrcosa’

The muscle stiffnesk,, and tendon stiffnedls are calculated by partial differentiation of EZ).(
and @) with respect to the muscle length as follows;

a

(31)

km = afmaxalfL vaOSO&, (32)

Ofse
ol

Further, the muscle-tendon complex stiffnégsis expressed by:

kb

B km + kt7

and the stiffness of the parallel elastic elemignis expressed by:

dfpE
al,

Making upk, € R™, k, € R« andk, € ®" from k,, k, andk, of each muscle, The muscle
stiffness matrices becomes

kt = fmax (33)

Ky

(34)

kp = fimaw cosa. (35)

K, = diag{k.}, (36)
Ky = dzag{kt}, (37)
K., = diag{k,}. (38)

10
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K, € Rm>*™ expresses the stiffness of the muscle-tendon compgtgx, € R™*"« is the
stiffness of the tendon, anid,, € R"*™ is the passive stiffness of the parallel elastic element.

In the same manner as described above, the muscle viscosity matrices are obtained by partially
differentiating EqlL) with respect to the muscle velocity.

4.2 Stiffness Transformation

Fig/7 illustrates relationships between force and displacement of a human-machine system.
According to tensor coordinate transformation, the muscle stiffigsand i, in the muscle
frameX, are transformed into the human stiffndsg € R"»*"» expressed i,

Ky = JI KyJy + I Kup . (39)

Here, by usingP, € %"»*", orthogonal complementary projection Gf,, P,G,I = 0, the
constrained stiffnes&; € R"»*"» and the constrained Jacobidne R"*"» can be obtained
as follows:

K, = K,+ PK,— (P.K)", (40)

J., = J. P (41)

h

Furthermore, considering contact constraint makfigd 3,14] and the internal force effect of
the contact force,, the constrained equivalent stiffness of the human,jp "K! & Rrm>xnm,
becomes

'K, ="K, +"K],, (42)
hKrlnj — J;HT<HKé71HT)71HJem, (43)
- _15T «_
K. = (e, Ky e,) ™ (44)
0JL F,
h em” €
K7/nf = Wa (45)

where’K], ; € ®"*" is the equivalent stiffness transmitted from the muscle stiffdigssand
"K,,; € R the stiffness due to the internal force effecty

Now, by adding the object stiffnegs,, € R"~*" in %,,, and considering the constraint on
the objectd,,, in the same manner as be done with E4f)) @nd 41), we have

MRy = K+ PoK, — (PrKG) (46)
7r = J.Pn, (48)

whereP,, ¢ ®"=*"= is the orthogonal complementary projection®f,, P,.G,,, =0, J, €
Rrr-xnm s the constrained Jacobian matrix on the referenakthe object.

Therefore, the equivalent stiffness of the human-machine sy$téifjy € R " taking the
constraints on both the human and the object into consideration can be expressed by

Y = (T (49)

Meanwhile the equivalent viscosity’B” € " *"" can be obtained by defining the muscle
viscosity B, € R™*" instead of the muscle stiffnegs,, and performing similar transforma-
tion without the second term of E42).

11
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Proof of Eq. (40)

If the generalized forcé) can be expressed by stiffne&s € R"*™ and infinitesimal dis-
placementq € R™ as follows:
Q = Kdq, (50)

The equation of motion for a multibody system that is constrained by the environment is de-
scribed as
Mi+g+h+G'\ = Kiq. (51)

Considering the static conditiofi,= ¢ = 0. Then Eq/61) becomes
g+ GT)\ = Kdq. (52)

While the constraint can be expressed by the Jacobian n@@tard the infinitesimal dis-
placementq as follows:
Géq = —c, (53)

wherec = 0@ /0t € Re»Tem. Multiplying both sides of EqH2) by the matrixP,
Pg= PKdq (54)
is obtained. Eq33) can be expressed using the pseudo inverse matrix 6" [17];
(I — P)doqg =—-G"e. (55)

Premultiplying both sides of Eq5E) by K, adding Eq/$4) to the result, and rearranging the
equation and taking into consideratied = P, K7 = K,

Pg—KG'c={K + PK — (PK)"} dq (56)

is obtained.
The second term on the left hand side of B6)(becomes) if the displacement constraint is
not included; therefore, Eé6) can be expressed by

Pg={K + PK — (PK)"} dq. (57)

Comparing Eq57) with Eq.[50), the right hand side of E&T) satisfies the constraint and is
equal to elastic force due to the infinitesimal displacemént3 herefore K + PK — (PK)T
can be regard as the stiffness taking the constrainto consideration.

4.3 Inertia Transformation [24]

Fig8illustrates relationships between force and acceleration in a human-machine system. In
the same manner as in the stiffness transformation, the constrained inertia Mateig"» *"»
is

M; = M+ P,M, — (P,M,)". (58)

The detail of derivation is in Refl[7]. Then the equivalent inertid// € Rm=*" in ¥, can
be obtained as

"M = JI H'(H"M/'H")"'HJ,,,, (59)
= 151 \—
"M = e, My ) (60)

12
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Figure 8:Force/acceleration relationships of a human-machine system.

By using orthogonal complementary projection(éf,, we have

hmMylrll _  hm Mr/n + hmM:n’ (61)
hmM;n — thmM:n o (thqu{n)Ta (62)
hmp = "M+ M, (63)

Therefore, the equivalent inertia of the human-machine syéteny’ < R"*" taking the
constraints on both the human and the object into consideration can be expressed by

hmM;/ — (jrhmM#Lfler)fl. (64)

The above gives the detailed method for calculating the equivalent impedance characteristics
of a human-machine system under constrained environment. In the next section, using this
method, we configure a three dimensional model for a driver-steering system and analyze the
equivalent impedance characteristics for a steering maneuver.

5 APPLICATION TO UPPER EXTREMITIES MOTION

In order to demonstrate the effectiveness of the proposed analysis described above, a forklift
truck steering operation were measured measured and analyzed using a musculoskeletal model
of upper extremities. The subject was a male, skilled in operating industrial vehicles, 36 years
old, 1.83 m tall, and weighing 80.0 kg.

5.1 Experimental Setups

Fig. 9 depicts the experimental setup consisting of an driving position adjustable mockup,
a steering column with a DC motor, a steering control computer, a steering unit for measuring
operation force of the subject, a liquid crystal display monitor, an electromyographies monitor,
and a motion capture system. Longitudinal and vertical position of the steering column and
the seat, inclination angle of the steering unit can be changed to correspond to various type of
vehicles. In this study, the layout parameters listed in théSmigre set.

As shown in FiglQ, a round bar with a counter weight was attached to the head of the
column; the operation force that the subject exerts on it was measured by a force/torque trans-
ducer(ATI NANO25, load rating:125N/3Nm). A bearing was fitted between the knob and the
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Figure 10:Steering unit. Figure 11:Example of display.

supporting part, so that the torque aroundleis in FiglQ was not transmitted. Hendé in
Eq. 43) and 69) can be expressed by:

100000
010000

H=|001000 (65)
0007100
000010

As a subject operate the steering unit, the reaction torque was given to the subject gener-
ated in DC motor (rated load torque: 2.25Nm, gear ratio: 14.67). A rotary encoder (Danabher,
5000pulse/rotation) was attached to the motor, and a torque sensor (Kistler***) was placed at
the head of the column. In the steering control unit, the reaction torque was kept at the value of
1.2 Nm by using angular velocity and torque feedback.

Fig11 shows an illustration of the task. A target course was continually shown from the
upper part of the display. The cursor in the display was moved from side to side depending on
the angle of the steering unit.
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Figure 12:A musculoskeletal model of upper extremities.

SL Umazx Af Bf ftoe €toe kse klin kpe €0
0.45 104, 025 14 0.33 0.0241 3.0 428 5.00 0.60

Table 1:Physiological parameters for the muscle mo®gl [

5.2 Musculoskeletal Model of Upper Extremities

A musculoskeletal model of the upper extremities was scaled to the subject as shown in
Figll2. The model consists of 29 muscles and 9 rigid bodies including the upper arms, fore
arms and hands. The origins and insertions, optimal length, maximum force of the muscles
were refereed to such as Ref)] and so on. The muscle moment arm characteristics were
also adjusted according to published literature sucl28lsgnd so on. Furthermore, the mass
and moment of inertia of each rigid body were set after referring to/Za}f.[The physiolog-
ical parameters for each muscle are shown in TAbl&he pennation angle is treated as 0,
precondition factof? asn/18 for all muscles.

5.3 Experimental Method

The subject sat on the driving position-adjustable bench, and gripped the steering knob with
his left hand. The subject was instructed to follow the course by turning the steering wheel
counterclockwise six times at a speed ofrad/sec, stopping it at the 9 o’clock position, holding
it there for about one second, turning it clockwise six times, and then stopping it again at
the 9 o’clock position. The posture of the upper body while operating was measured using
motion capture (Motionanalysis EAGLE). In this study, 30 markers was attached and the three
dimensional positions of them were measured using 10 cameras. the operating force of the hand

was measured using the force/torque transducer, and measured values were used as inputs for

the following analysis. Electromyograph of four different muscles around the joint of the left
shoulder were also measured for verification.
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Figure 13:Measured operation force during clockwise rotation.

5.4 Equivalent impedance of the Hand

Fig/13 shows the measured operation force for clockwise rotation. The tangential f§rce,
required to rotate the steering wheel was held constant at around 8.0N. On the other hand, the
patterns of the normal forcE, and the pressing forck, vary depending on the position of the
knob. The operation force for clockwise rotation and the operational posture data were analyzed
using the musculoskeletal model.

Fig/14 shows the estimated muscle force of the anterior and posterior of the deltoideus over
four times of clockwise turning. Rectified and filtered EMG data are also shown in tHiFig.

The horizontal axis is normalized based on the knob position such that the 9 o’clock position
is 0. Figl5 (a) shows the equivalent inertia ellipsoids of the hand at four different positions.
Contraction patterns of both muscles are in good agreement with measurement results. The size,
shape and direction of the inertia ellipsoid closely approximate the results of hand impedance
estimated when the posture is maintair2g].[ Considering these two results, it is thought that

both the estimated muscle force and the equivalent impedance calculated by this analysis are
appropriate.

On the other hand, Fit5 (b) shows a stiffness ellipsoid drawn by hand stiffrf@égj based
on the stiffnesdy, of muscles in motion. The size of the ellipsoid is considerably smaller than
that estimated by Tsuiji et @2¥]. This is thought to be attributed to the equivalent stiffness
identified by Tsuji et al. containing the effects of reflection, whereas, in this method, the equiv-
alent stiffness was calculated without taking into account the effects of reflection, skin, tissues,
etc.

5.5 Equivalent Impedance around the Steering Column

The equivalent inerti&™M” € R! and the equivalent stiffne$8'K” € k! around the steer-
ing column axis was calculated. Thinking of the previous result on the equivalent stiffness,
hmig was also decomposed of the equivalent stiffness due to the n‘?ﬂ%}’;& € R the equiv-
alent stiffness due to the internal force efféef]; € R'. In the calculation, the inertia and
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Figure 14:Comparison of muscle force with IDEM during clockwise rotation.

"10.0 N/m
(a) Inertia (b) Stiffness

Figure 15:Simulated stiffness and inertia ellipsoids at different postures during clockwise rotation.

stiffness of the steering unit was assumed to be 0, being necessary to clarify the effects of the
human. The results are plotted in i@, lateral axis is normalized same as in E#dj.

As for the equivalent inerti&™)/”, there is a region where it contributes greatly to the steer-
ing column axis, while there is another region where it hardly contributes at all. Comparing
with Fig/15(a), it is found that the equivalent inerti&)/” increases in a region where a longer
axis of the hand inertia ellipsoid approaches the tangential direction of the steering, while it
decreases in a region where a shorter axis of the hand inertia ellipsoid approaches the tangential
direction of the steering.

It should be noted that as the equivalent stiffn&4s” is affected by internal force, it takes
on a negative value when the knob is at a position where the hand is almost fully extended.
This is because the subject turns the steering wheel at an angular speed of 2 rad/sec, causing the
operator to exert an operation force inwards in the direction of a normal line. According to the
results of a crank turning experiment conducted by Ota, &8}t is pointed out that the hand
force works inwards in the direction of a normal line. Equivalent stiffness may attain a positive
value in the actual steering operation. However, the steering operation of this human-machine
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Figure 16:Equivalent inertia and stiffness around steering column axis during clockwise rotation.

system may be made more stable if the effects of internal force and those of muscle stiffness
are properly combined. Also, if a method of allowing equivalent stiffness to become positive in
all regions can be developed by controlling the operation system configuration.

6 CONCLUSIONS

In this paper, we propose a method for analyzing equivalent impedance characteristics of
human-machine systems considering not only contact between the human and the object but
also constraint on the human and on the object. The proposed analysis was applied to the upper
extremities motion in forklift steering operation. The results reveal that this analysis is an useful
tool in examining the physical significance of human-machine systems and can be effective in
designing a human-machine system.

The proposed method can easily apply to other type of motions, and objective functions in
the muscle force estimation. However, we think that the musculoskeletal model will need fur-
ther improvements in accuracy. More physiological experimental data and moment arm char-
acteristics in complex joint movements will be required in order to define accurate parameters
of the muscle model and muscle path. More studies are needed concerning validation of the
impedance characteristics during steering and other behaviors. Furthermore, a new solution
would be necessary if one taking effects of muscle activation dynamics and reflective feedback

into consideration.
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