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Abstract—This paper proposes a scheme for human force manipu-
lability (HFM) based on the use of isometric joint torque properties to
simulate the spatial characteristics of human operation forces at an
end-point of a limb with feasible magnitudes for a specified limb pos-
ture. This is also applied to the evaluation/prediction of operational
comfort (OC) when manually operating a human-machine interface.
The effectiveness of HFM is investigated through two experiments
and computer simulations of humans generating forces by using their
upper extremities. Operation force generation with maximum isomet-
ric effort can be roughly estimated with an HFM measure computed
from information on the arm posture during a maintained posture.
The layout of a human-machine interface is then discussed based on
the results of operational experiments using an electric gear-shifting
system originally developed for robotic devices. The results indicate
a strong relationship between the spatial characteristics of the HFM
and OC levels when shifting, and the OC is predicted by using a
multiple regression model with HFM measures.

Index Terms—Human-machine interface, human-centered design,
human force manipulability, operational comfort

1 INTRODUCTION

Within a vehicle cockpit, driving interfaces such as the
shift lever, steering wheel, and gas pedal may not be
arranged in the best positions for the driver because of
the difficulty of designing the layout in a limited space
while considering human operational comfort (OC) in
the early stages of vehicle development. The human-
centered design of an interface arrangement remains
a major issue, especially in the automobile industry.
It would be easier to produce a more comfortable
interior package if a human-centered layout that takes
human factors into account could be generated suc-
cessfully.
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To date, ergonomic studies of posture com-
fort/discomfort, with/without physical loads, have
been conducted mainly for reducing workload and
avoiding work-related musculoskeletal disorders re-
sulting from repetitive factory jobs [1], [2], [3], [4]. For
example, Kee and Lee [4] determined the presence of
stress in joints at certain joint angles and under the
influence of certain motions in the sitting and stand-
ing postures by analyzing the perceived discomfort
recorded in an experiment and then proposed a rank-
ing system for evaluating the load on a stressed joint
based on the measured data. Based on such ergonomic
data, a few ergonomic computer aided design (CAD)
tools such as RAMSIS and TRANSAM-JACK have
been developed to reduce the duration and cost of
product development. Such ergonomic CAD tools
display human figures (mannequins) along with kine-
matic analyses of vision, posture, and motion-effort
for a target operation. They help with the process of
interactive product design and are widely used in the
automobile industry. However, the OC level of a driv-
ing interface cannot be determined and implemented
in practice owing to the lack of general evidence
for evaluating subjective feelings experienced when
performing operations.

On the other hand, the mechanical performance of
robotic manipulators with multi-joint mechanisms is
often analyzed based on the robot manipulability as
derived from the kinematic and dynamic formulae
describing the relationship between the joints and
the endpoint relative to the inertia [5], velocity and
force [6], [7], and acceleration [8]. This method is
used to evaluate a robot’s performance at an endpoint,
such as its ability to generate force, based on its link
configurations. Some studies have applied this robotic
technique to the analysis of human hand movements
[9], the mechanical design of artificial limbs [10],
and the development of automobile interfaces [11].
Conventional robot manipulability, however, does not
consider biological motor properties such as the fea-
sible magnitude of joint torque, which should be
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considered for human performance analysis as well
as for the human-centered design of human-machine
interfaces.

Many fundamental studies have been conducted
to investigate the joint torque-angle relationship in
the upper limb [12], [13], [14], lower limb [15], [16],
and in both limbs [17], [18]. However, these studies
on human joint torque have not addressed the re-
lationship with force production by an endpoint or
the quantitative evaluation of human force-generation
performance in task spaces.

In the present study, a new manipulability mea-
sure using human joint torque characteristics, called
human force manipulability (HFM), is proposed to
estimate the feasible magnitude of human-generated
force at an endpoint in an arbitrary direction for a
certain limb posture. We then demonstrate that the
OC of an interface device can be evaluated /predicted
using a multiple regression model with the proposed
HFM measure through, for example, a set of labora-
tory experiments involving a gear-shifting operation
by the arm.

The remainder of this paper is organized as follows:
Section 2 describes the formulation of the HFM mea-
sure after first outlining robot force manipulability.
Section 3 presents the modeling of the human joint
torque characteristics through a set of experiments in-
volving human subjects. In addition, the effectiveness
of the HFM is examined by using sets of simulated
and empirical data on the maximum isometric force
exerted by the human hand. Finally, Section 4 argues
the close relationship between the OC and HFM in a
manual shifting task by a subject’s arm, and indicates
that HFM can be used for evaluating/predicting the
OC level from a limb’s posture.

2 HUMAN FORCE MANIPULABILITY MEA-
SURE

The mechanism of a human limb is often modeled
as a serial-link robotic manipulator using a set of n
rotational joints. Its configuration (the limb’s posture)
can be represented with a vector composed of joint
angles 0 = (01,02,---,0,)7 € R". The relationship
between the joint torque 7 € R and the force exerted
by the endpoint f € R™ in the m-dimensional task
space can then be given as follows:

=JO)"f, )

where J(0) € R™*" is the Jacobian matrix of the
endpoint position x € R™ with respect to 6.

The force manipulability ellipsoid (FME) for robotic
mechanisms [6] is defined as a pre-image of the
unit sphere in the joint space ||7||] < 1 and can be
determined using Eq. (1), as follows:

= JTHTITS) @)
frgJgtf <1.

Il =

The FME shape indicates the performance index of the
force generation ability in the direction of operation
for a given posture . A large operational force can be
exerted easily along the major axis of the FME, but it
is difficult to do so along the minor axis. Although this
fact has been widely used as a quantitative measure
for evaluating the force generation ability at the end-
point for multi-body robotic mechanisms, it cannot
provide a feasible result for the human extremities
because no biological motor properties, such as torque
limitation, the torque-angle relationship, and the vis-
coelastic properties of muscle, are considered.

Here, let a = (a1, a2, ,a,)T € R (0 < o < 1)
be a vector of the joint torque activation level. The
element o; represents the activation ratio of the i-th
joint’s torque 7; to its maximum torque 7;*** under the
maximum voluntary contraction (MVC). Given that
muscle tension is nearly proportional to the muscle
activation level, 7 can be rewritten with «, as follows:

T=T(0)a, (3)
where T'(0) = diag.(7{"** (01), 73" (62), - - - , 72"** (6)) "

r'n
€ "X represents the matrix of the relationship be-
tween the maximum joint-torque and the joint-angle
for human limb joints.

Substituting Eq. (1) into Eq. (3) yields
a=T"1JTf. 4)

The unit sphere in the muscle-activation space ||a|| <
1 makes an HFM ellipsoid (HFME), as follows:

ol = aPa= (@ JTHNTIT) 6)
= fArtanirtany
= ffurHaurHTf <.

Equation (5) represents the fact that the HFME is
scaled from the FME with the matrix 7'(f), which
reflects the human joint torque characteristics for a
given joint angle. It is expected that, unlike FME,
HFME can provide a rough estimate of the feasible
magnitude of the force generated at the endpoint
according to the limb posture, in addition to the
geometrical features.

The spatial characteristics of HFME, such as shape,
orientation, and size, can be obtained using the sin-
gular value decomposition (SVD) of J T-1, as follows:

JT ' =U 5 ViE, (6)

where Uy = [up1, upa, -+, Upm] € R™*™ and Vj, = [vp,
Up2, -, Upn] € R are orthogonal matrices, ¥, =
[ >0 | 0 ] e RMX" Yo = diag.(abl, Op2, " ,me) S
RM*™ contains the non-zero singular values of J7T~*
in decreasing order (op1 > ope > > Opm >
0). The principal axes of the HFME are derived
as ub1/0b17ub2/0b27 ety ubm/abm so that the HFME’s
shape and orientation can be calculated. The volume
of the ellipsoid V4 can also be obtained, as follows:

Cm
Vop = ———— (7)

0b10b2 ** - Obm



IEEE TRANS. ON HAPTICS, VOL. X, NO. X, Y 201X

Elbow joint

Wrist joints

NN

Fig. 1. Link model of human upper extremity with
seven rotational joints.

where

-

3 HFM ANALYSIS OF HUMAN UPPER EX-
TREMITY

Considering the redundancy of an actual human arm,
the arm is modeled as a multijoint mechanism with
three rigid links and seven degrees of freedom, as
shown in Fig. 1. The arrows indicate the positive ro-
tational direction, and the standard posture is defined
in the figure. The agonists for uniarticular movements
within the arm model were defined and are listed in
Table 1.

(27r)%(7/112-4-6-(m—2)-m (m : even)

202m) "7 /135 (m—2)-m (m: odd).

3.1 Joint-torque Characteristics

Four healthy volunteers (Japanese male university
students, aged 22 to 24) participated in the measure-
ment test to model human joint-torque characteristics.
The subjects’” physical attributes are summarized in
Table 2. The measurement tests were carried out with
the subjects after briefly explaining the experimental
procedure to them.

Fig. 2(a) shows an overview of the apparatus used
to investigate the torque-angle relationship for a hu-
man arm joint, which consists of units for measuring
the joint torque and EMG signals, and a biofeedback
display for monitoring the muscle activation level
during the experiments. A dynamometer (Biodex Sys-
tem 2AP, Medical Systems Inc.,, USA.) is used for
measuring the isometric torque generated by uniar-
ticular movements in the right upper extremity. At-
tachments were assembled according to the target
joint movements, as shown in Fig. 2(b). Because of
the Biodex system’s mechanical structure, horizontal
extension/flexion in the shoulder (f;) was replaced
with extension/flexion, assuming the same agonist for
the two uniarticular movements.

EMG signals were measured from the agonist for
uniarticular motion using a set of disposable elec-
trodes (Biorode SDC-H, GE Marquette Medical Sys-
tems, Japan) with an amplifier (MT11, NEC Medical

TABLE 1
Agonist for each uniarticular movement.

Joint Motion Agonist
0 + Extension Latissimus dorsi
' Flexion Deltoideus anterior
+ Adduction Pectoralis major
Shoulder 6, : A 4
- Abduction Deltoideus middle
0 +  Internal rotation Teres major
 — External rotation Infraspinatus
+ Flexion Biceps brachii
Elbow 04 . . .
- Extension Triceps brachii
0 + Supination Biceps brachii
> - Pronation Pronator teres
. +  Ulnar deviation ~ Extensor carpi ulnaris
Wrist 0

— Radial deviation  Flexor carpi radialis

0 + Flexion Flexor carpi radialis
7 - Extension Extensor carpi ulnaris
TABLE 2

Physical attributes of subjects participating in
isometric joint torque measurement test.

Subject A B Cc D
Age 23 22 22 22
Height [cm] 167 183 177 182
Weight [kg] 63 63 65 76

Systems, Japan), and recorded using a personal com-
puter linked via an analog/digital converter (sam-
pling frequency: 1 kHz). The recorded EMG signal
was rectified and integrated with data from the pre-
vious 0.1 s and normalized with the value in the MVC,
premeasured at the neutral angle of the joint. The
normalized value was used as the muscle contraction
level in this study.

The subjects were instructed to monitor the biofeed-
back display and to generate an isometric torque with
a uniarticular motion at the specified joint angle under
a 40% muscle contraction level for 10 s. The joint
angle was changed by 20 ° around the midpoint of the
excursion, where the limit angle was used when the
specified angle was greater than that of the excursion.
Two sets of measurement tests were performed for
each uniarticular movement. The data measured for
each uniarticular movement was processed according
to the following procedure:

1. Divide the measured temporal data into each
second for each trial.

2. Calculate the average and standard deviation of
the muscle contraction level in every period.

3. Extract, from all 20 periods, those 10 periods in
which the average value is closest to the 40%
muscle contraction level.

4. Calculate the average and standard deviation of
the isometric joint torque for the 10 extracted
periods.
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Fig. 2. Apparatus for measuring isometric joint torque
caused by uniarticular motion. (a) Overview of original
joint torque and EMG signal measurement system.
(b) Photos of attachments for each joint of the upper
extremity.

Fig. 3 presents a set of measured isometric joint
torques with respect to the joint angle and direction of
rotation for all seven joints, in which the vertical axis
is the magnitude of the joint torque. The joint torque
characteristics showed two tendencies in uniarticular
movements; these tendencies support the biological
evidence reported in the literature [12], [13], [14], [15],
[16], [17]. The first tendency is that the joint torque is
almost proportional to the joint angle, as is evident
from the wrist radial deviation and ulnar deviation,
as well as from the wrist pronation and supination.
The second is that the joint torque peaks around the
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Fig. 3. Typical results for magnitude of isometric

torques measured at 40% MVC for each uniarticu-
lar movement of the upper limb. The solid line with
white circles represents the torque-angle relationship
observed during uniarticular motion in the positive ro-
tational direction, whereas the dotted line with black cir-
cles represents that in the negative rotational direction.
(a) First joint of upper limb. (b) Second joint. (c) Third
joint. (d) Fourth joint. (e) Fifth joint. (f) Sixth joint. (g)
Seventh joint.

intermediate joint excursion angle, as shown in the
elbow extension and wrist flexion. The same experi-
mental results were found for all subjects, although
some individual differences were found to exist. The
mean values of the measured data for all the subjects
are listed in Table 3.

The maximum isometric torque in each uniarticular
motion was calculated by magnifying the measured
value by 2.5, assuming that the joint torque generated
by the uniarticular motion was almost linear relative
to the agonist’s muscle activation level. This was
modeled using a fourth-order polynomial equation as
a function of the joint angle, as follows:

T(0;) = agif + azi0; + ag;07 + a10; + agi.  (8)
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TABLE 3
Means of isometric torque for all subjects.

0, [deg] s 10" 20 40 60 80 100 120 140
Torque [Nmj * 2089 1509 17.98 1780 1854 18.19 1700 1436 12.56
- 1956 17.89 17.42 2272 27.89 29.64 27.47 3326 32.77
0, [deg.] 80 60 40 20 0 20 40 60 80
Torque [Nm] * 1336 1368 15.90 18,05 2801 2476 21.90 18.43 18.33
q - 642 583 658 9.82 1745 1998 18.18 18.79 21.28
05 [deg.] 40 20 0 20 40 60 80
Torque [Nmy * 1237 1505 1720 1742 15.12 1405 1550
q - 14.03 1545 1635 18.49 16.07 13.78 13.02
0, [deg.] 0 20 40 60 80 100 120 140
Torque [Nmy * 1210 1285 1439 1727 20,54 17,93 17.23 1060
q - 623 8.80 11.83 14.11 15.57 13.82 12.34 11.82
05 [deg.] 60 40 20 0 20 40 60 80

033 091 136 180 197 208 233 227

Torque [Nm] *
q - 362 340 363 350 3.00 132 0.87 0.29

05 [deg] 20 0 20 40
Torque[Nm] T 722 670 544 428
- 347 418 549 642
0, [deg.] 6 40 20 0 20 40 60 80"
Torque[Nm) T 197 225 313 414 423 401 339 24
- 128 216 3.74 343 392 3.68 3.17 2.06

# Two of the four subjects

TABLE 4
Physical attributes of all subjects participating in
measurement of operation forces while applying
maximum effort.

Subject 1 2 3 4

Age 22 24 22 23
Height [cm] 174 166 172 174
Weight [kg] 64 60 65 70

The coefficients ag;, - - -, and a4; were estimated using
the least squares method. Based on the experimen-
tal evidence that a particular joint torque is almost
proportional to the body weight [23], [24], the torque
model’s value was adjusted according to the weight
of each subject in computing the HFMEs.

3.2 Spatial Characteristics of HFME and Human
Operation Force

The validity of HFME was investigated through com-
parison with the maximum operation force exerted
by the other four subjects (Japanese male university
students, aged 22 to 24). The subjects’ physical data
is summarized in Table 4.

Fig. 4 shows the apparatus used for measuring the
operation force and arm posture. As shown in Fig.
4(a), a knob and six-axis force/torque sensors are
attached to the top of a rigid stick. The positions of
multiple color markers attached to the measurement
points on the body are recorded with a 3D motion cap-
ture system (Quick MAG, Ouyou Keisoku Kenkyusyo
Inc., Japan), which can detect the three-dimensional

Target direction Quick MAG

CCD CCD

Measured
force

Biofeedback

DSP system

o Color markers for
arm posture measurement

100 mm

100 mm
30 deg.
250 mm
\PS

Shoulder -0, 150, 300, 450 mm

(b)

Fig. 4. Apparatus for HFM verification. (a) Overview
of the original measurement system of operation force
and arm posture for generating the maximum force. (b)
Top and side views of the experimental condition at the
specified measurement points.

position of a marker through the application of the
provided software to a pair of two-dimensional image
sequences captured with two CCD cameras in real
time. The joint angles of the arm model are computed
from the positional data of the markers while offline.
The biofeedback display presents the target direction
and the measured operation force vector while online.
Fig. 4(b) shows the experimental conditions with con-
sideration given to the arrangement of a shift lever in
a general vehicle, where the black dots represent the
measurement points. The arm posture was recorded
at all points corresponding to four different heights h
=0, 150, 300, and 450 mm. The maximum operation
force applied by the arm was measured at five points
(P2, P4, P5, P6, and P8) for h = 150 mm and at three
points (P2, P4, and P5) for A = 450 mm, based on
the upper-lower range for gear-shifting operations in
a general vehicle as well as the range of arm reaching.

The subjects were seated in front of the display, as



IEEE TRANS. ON HAPTICS, VOL. X, NO. X, Y 201X

By
-

P5 |

D ®

200N

h=0mm

— h=150mm
h =300 mm
—— h=450mm

h=0mm

— h =150 mm
h =300 mm
—— h=450mm

<
&

z 5 ©
b © ©

200N
"""" h=0mm
= /=150 mm
/=300 mm
h =450 mm

Fig. 5. Results of HFMEs for Sub. 1, calculated from the arm postures according to the specified measurement
points in the horizontal plane at heights ~ = 0, 150, 300, and 450 mm. (a) HFM ellipsoid for the arm posture
measured at P5. (b) HFMEs projected onto the X-Y planes. (c) HFMEs projected onto the Y-Z planes. (d)

HFMEs projected onto the X-Z planes.

shown in Fig. 4(a). Their shoulders were held into the
seat with a seatbelt. The subjects grasped the knob
with their non-dominant (left) hand and determined
the desirable arm posture for exerting larger forces in
all specified directions. In the measurement of maxi-
mum operation force, they were instructed to exert the
maximum effort to generate a larger operation force
in the specified target direction in the horizontal plane
(04 =0, 45, ---, 315 °) for 5 s, while maintaining their
arm postures.

The joint angles were calculated using the mean
of the marker position data obtained with the arm
model. The mean value of the 1-s measured data was
considered to be the maximum operation force that
could be applied by the arm, in which the variation
of operation forces generated for 1 s was the smallest
within the last 3 s.

Fig. 5 shows a set of HFMEs calculated from the
arm postures for Sub. 1, measured at the specified
measurement points in the four horizontal planes. The
ellipse at each point denotes the cross-section of the

HFME in the 2D plane as shown in Fig. 5(a). The
size of the HFMEs on the X-Y (horizontal) plane
becomes smaller as the hand position descends from
the position of the shoulder joint (see Fig. 5(b)). In ad-
dition, the shape becomes more elliptical as the hand
position moves forward from the body. Meanwhile,
the orientation rotates counterclockwise as the hand
position moves away and to the left. The size in the Y-
Z plane becomes smaller as the hand position moves
away and to the left of the body. The shape becomes
rounder as the hand position moves away and to the
left (see Fig. 5(c)). No notable distinctions can be seen
in the Z-X plane under the experimental conditions
of this study (see Fig. 5(d)).

Fig. 6 summarizes the spatial characteristics of
the HFMEs for all of the subjects according to the
height of the measurement points in the X-Y and
Y-Z planes, such as the size (5), orientation (9), and
shape (8). The size in the 2D plane was calculated
by singular values of JT~!, as defined by Eq. (6),
the orientation is the relative angle between the major
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Fig. 6. Spatial characteristics of HFMEs depending on the height of the measurement points for all subjects. (a)
Size of HFMEs on X-Y. (b) Orientation of HFMEs on X-Y. (c) Shape of HFMEs on X-Y. (d) Size of HFMEs on
Y-Z. (e) Orientation of HFMEs on Y-Z. (f) Shape of HFMEs on Y-Z.

principal axis of the HFME and the X axis (see Fig.
5(a)), and the shape is the ratio of the norm of the
major axis to that of the minor axis. The very similar
properties depending on the height and position of
the measurement point can be confirmed in the re-
sults for all of the subjects although slight individual
differences can be observed. The indices S,, and d,.
change mainly with the height of the measurement
points and f,. mainly with the position; the others
are affected by both factors.

Fig. 7 shows the measured forces generated by the
subjects when exerting their maximum efforts in eight
different directions in the X-Y planes with i = 150
and 450 mm, in addition to the HFMEs calculated
from the arm postures. The black dots represent the
measured data while the distance to the center of the
HFME at each point denotes the magnitude of the
measured operation force. The dots exist around the
arc of the HFME at each point, and the magnitude of
the maximum force changes according to the direction
and hand positions in much the same way as the
measured results reported by Nijhof and Gabriel [25],

although some differences can be seen, especially in
the major direction of HFME.

Fig. 8 shows the estimated error in the operation
forces for each of two heights for all of the subjects,
where each error is normalized with the maximum
measured operation force. The center line in each box
is the median, while the edges of the box correspond
to 25% and 75%, respectively, with the whiskers ex-
tending to the most extreme data points, eliminating
any outliers (plus sign). Most of the outliers corre-
spond to the errors in the major direction of HFME.
The magnitude of the calculated forces with HFMEs
tends to become larger than the measured forces
produced by the subjects, but the worst median value
is less than about 0.3.

The aforementioned simulation and measurement
results demonstrate that the proposed HFME can be
utilized to analyze the spatial characteristics of the
operation force exerted by a human hand with a
maintained arm posture and can roughly estimate the
production capability of the maximum operation force
exerted by the arm in a certain direction.
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4 OC EVALUATION
WITH HFM MEASURE

IN MANUAL SHIFTING

This section analyzes the relationship between the OC
levels and HFME spatial characteristics during gear
shifting and discusses why the OC depends on the
arrangement of the shifter knob and arm posture by
using HFME properties.

4.1 Apparatus and Method

Five healthy volunteers (Japanese male university stu-
dents, aged 22 to 24) participated in a test for measur-
ing OC when using an electric gear shifter, where the
four volunteers (Subs. 1, 2, 3, and 4) participated in
the measurement of the maximum operational force.

The physical characteristics of an additional volunteer
(Sub. 5) were age 24, height 180 cm, and weight 73
kg. The experiments were carried out after briefly
explaining the experimental procedure to the partici-
pants, including the gear shifter operation.

Fig. 9 shows a schematic view of the gear-shifting
system developed for this study. The system con-
sists of a direct-drive linear motor table (Nippon
Thomson Co., Ltd., Japan; maximum force £150 N)
and a digital-signal-processing (DSP) board (ds1103,
dSPACE, Germany) that can provide stable con-
trol and high-quality data measurement at a 1-kHz
sampling frequency. A shifter knob and a six-axis
force/torque sensor (NITTA, Ltd., Japan; resolution:
force z axis: 6.1 x1073 N, y axis: 6.1 x1073 N, z axis:
1.2 x107% N; torque: 1.1 x1073 Nm) are attached to
the moving part of the linear motor table to measure
the operation force generated during shifting. The
subject’s hand position is measured using an encoder
built into the motor table (encoder resolution: 2 pm).
The subject’s arm movements during shifting are
observed using a stereo camera (Quick-MAG, OKK,
Japan).

A variable impedance control method [19], [20],
[21], [22] was applied to control the motor table’s mo-
tion so as to provide a realistic feeling of shifting from
a low gear to second gear. The dynamic properties of
the gear-shifter change according to the shifter knob
position y;, and can be represented as follows:

Mys+B(ys)ys+K(ys)(ys_ye) :fyv (9)
where M denotes the shifter knob inertia; B(y,) and
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Fig. 9. Schematic diagram of developed electric gear-
shifting system using robotic devices. (a) Overview of
apparatus for measuring hand motion (position and
force) and arm posture during manual gear shifting.
(b) Designed viscoelastic pattern applied to the gear-
shifting system. (c) Top and side views of the exper-
imental condition at the nine specified points for the
neutral gear.

K (ys) denote the variable viscosity and stiffness as
a function of the knob’s position ys, respectively; y.
represents the equilibrium for K(ys) corresponding
to the gear position; and f, is the operation force
along the Y; axis exerted by the human operator.

TABLE 5
Best point for shifter knob for all subjects participating
in gear-shifting test.

Subject 1 2 3 4 5
X[mm]  -200 -200 -200 -200 -200
P9 Y [mm] 400 375 450 410 410
Z[mm]  -300 -295 -200 -275 -300

The robot stiffness generates an artificial attraction
force corresponding to the relative distance between
the equilibrium y. and the shifter knob’s position ys,,
while the robot viscosity provides an artificial viscous
friction to the motion of the shifter knob. In the
developed gear-shifting system, the equilibrium g, is
switched between the positions corresponding to the
low gear y;, neutral (N gear, hereafter) y, and second
gear Yo, according to the shifter knob position y, as:

Y1 (Ys > Ya)
Ye =4 YN (v < ys < Ya)
Y2 (ys < yb)»

where y, and y, represent the switching points of the
equilibriums. A viscoelastic pattern in each interval of
these three gears can be designed with Gauss func-
tions. Fig. 9(b) shows the viscoelastic pattern applied
to the gear-shifting system, which was designed based
on the force-to-stroke profile measured on an actual
sedan-type vehicle. This was adjusted until a middle-
aged male driver with excellent driving skills was
satisfied with it after a series of shifting operation
trials. The feeling of pulling the shifter out of each
gear was enhanced by increasing the value of the
stiffness around the equilibriums, and the subtle feel-
ing of changing gear was well regulated by using the
viscosity effect. The distance between the N gear and
the other gears was set to 4 cm; ie., y1 = 4 cm, yn
=0 cm, and y2 = -4 cm, and the switching points at
(Ya, y») = (1.7 cm , -0.2 cm). The shifter knob inertia
M was set to 0.45 kg.

For the experiment, the subjects were seated parallel
to the gear-shifting system, as shown in Fig. 9(a),
and were asked to conduct three rounds of shifting
operations between the low and second gears, while
blindfolded, using their left hands. The gear-shifting
operation tests were carried out at nine different
points for the N gear (P1 ~ P9), as shown in Fig. 9(c).
The suitable point for each subject (P9), as determined
in the preliminary tests, was the point at which the
subject made the shift with the greatest degree of
comfort within the target space containing the eight
points. The details of P9 are summarized in Table 5.
After each trial, they graded the OC as one of the
following five levels: 5: “Very good,” 4: “Good,” 3:
“Normal,” 2: “Bad,” and 1: “Very bad,” relative to
their memory of P9. Note that the point for the N gear
was selected randomly from the specified nine points,

(10)
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Fig. 10. Examples of measured results at points P1

and P9. (a) Stick pictures of the arm motion projected
onto X-Y and Y-Z planes. (b) Hand motion profiles in
the operation direction during shifting.

and three trials were performed for each point.

4.2 Relationship between HFME and OC

Fig. 10 represents typical measured results for the
gear-shifting operations performed by a subject with
his arm between the low and second gears at the two
points P1 and P9. The arm postures recorded during
the shifting were found to change depending on the
arrangement of the shift lever (Fig. 10(a)), while the
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Fig. 11. Subjective evaluation results of OC for speci-
fied positions with multiple comparisons.

force-to-stroke profiles of the hand motion in the op-
erational direction were almost the same (Fig. 10(b)).
This indicates that the subject moved the shifter knob
while producing an almost identical operation force
irrespective of the specified point while regulating
their arm configurations.

Fig. 11 presents the OC evaluation results, in which
the mean value for all subjects is presented with the
standard deviation for each point and the multiple
comparison tests. As expected, the OC depends on
the shifter knob location (the arm posture). The higher
evaluations were given for those points around the
ideal point P9 (i.e., P4, P7, and P8), whereas the lower
evaluations were given for those points far from the
subject’s body (i.e., P1, P2, P3, P5, and P6). The lower
evaluation for P3 reflects the fact that the subjects
moved their arms unsteadily during the shifting be-
cause P3 was too close to their bodies, and the lowest
evaluation for P6 resulted from the shifting operation
being performed at the furthest point from the body.

Fig. 12 shows examples of the force vectors and
HFMEs projected onto the X-Y and Y-Z planes for
points P1 and P9, where the thick line represents the
force vector for shifting from the low to the second
gear and the thin line represents the corresponding
reverse motion. Each of these vectors was calculated
using the mean of the data measured within 5 mm
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TABLE 6
Relationship between OC and HFME.

Subject
1 2 3 4 5

Orientatio ¥ 0783 0831 0698 0836 0924
HOMAON s 0331 0501 0243 0329 0.535
Bry 0360 0236 -0.114 -0460 -0.372

Shape
Bz 0.663  0.683 0758 0838  0.796
. Sxy 0089 0095 0254 -0324  -0.005
Y€ Sz 0713 0845 0760 0729 0.665

behind and in front of the black dot. Note that the
operation forces applied by the hand during the shift-
ing motion were unaffected by the shifting position
because the subjects repeated stable arm motions dur-
ing shifting (Fig. 10(b)). On the other hand, the spatial
characteristics of the HFMEs are different at the two
locations of the shifter knob. The orientation of the
HFMEs in the X-Y plane for P9 tends to agree with
the direction of movement (the y-axis), and the size of
P9 in the Y-Z plane is much larger than that for P1.
Very similar tendencies were found in the results for
the other subjects. Table 6 summarizes the correlation
coefficients between the geometric characteristics of
the HFMEs in the X-Y and Y-Z planes and the
OC levels at the nine points for each of the five
subjects. The OC is closely correlated to 6,,, 8y., and
Sy, although there were some individual differences.
These results suggest that the OC level was improved
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at those points at which the HFMEs in the X-Y plane
were directed along the direction of shifting, whereas
the HFMEs in the Y-Z plane were larger and became
sharper in the direction of shifting. Consequently, we
can say that there is a close relationship between the
OC and the HFM measure for the force generation
performance.

Based on the above-mentioned results for the data
for all the subjects, the relationship between the OC
and the spatial characteristics of HFME was analyzed
using a multiple regression model as

Y =ag+ X2 a; X1, (11)

where the dependent value Y is the OC level and the
three independent values X1, X2, and X3 are ¢y,
Byz, and S, respectively. The estimated coefficients
were ag = 4.951 (p = 0.001), a; = —0.101 (p = 0.0004),
az = —0.032 (p = 0.94), and a4 = 0.071 (p = 0.774),
respectively, and R-squared was 0.646. The smallest
p-value for J,, indicates that the OC level is most
affected by the relative angle of the HFME’s major axis
from the direction of shifting by the arm. This explains
why the subjects could easily operate the shifter knob
at that point at which they could exert a sufficiently
large operation force in the direction of shifting. Fig.
13 shows the prediction results obtained with the
multiple regression model, in which the regression
line shows the relationship between the OC levels and
predicted values, and the shading represents the 95%
confidence region. Although a lower level of modeling
reliability is observed around the middle OC level, the
proposed HFME can be used not only for analyzing
the spatial characteristics of motor performance in
the hand space for a given arm posture but also
for predicting the OC level during shifting opera-
tions. Future work will involve adding data for other
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subjects while investigating the influence of verbal
categories utilized in the OC evaluation.

5 DiIscuSsSsION AND CONCLUSIONS

This paper has proposed a human force manipula-
bility (HFM) measure, including human joint torque-
angle characteristics, for calculating the spatial char-
acteristics of the ability of a human to generate a
force at the end-point of a limb, and has discussed
a method based on HFM for evaluating/predicting
the OC level during manual tasks performed by that
limb. The usefulness of the proposed method for OC
evaluation was verified through a set of experiments
on gear shifting with an upper extremity.

First, the HFM was formulated by introducing
human joint torque characteristics into robot force
manipulability. An HFM verification test was then
carried out via two experiments: 1) Isometric mea-
surement of the joint torque characteristics for each
of the seven upper limb joints, and 2) measurement
of the maximum operation forces generated by the
non-dominant hand with maintained arm postures.
The measured data for the joint torque-angle showed
that the magnitude of the isometric joint torques
changed according to the joint angle and rotational
direction within the range of motion of the joints.
The HFMEs for the arm postures were then calcu-
lated and analyzed using the measured joint torque
characteristics data, and the results demonstrated that
the forces calculated from the HFMEs represented the
major characteristics of the measured maximum force
data in the two horizontal planes. This supports the
measured results that indicated that the maximum
isometric operation force in the horizontal plane de-
pends on the direction [25]. In addition, the HFME
can calculate the force production performance with
a feasible magnitude for the specified limb’s posture
along a certain direction in the task space, but not
limited to the horizontal plane.

Next, an operational arm-based test was performed
by using the developed gear-shifting system. The
results illustrated the influence of the shifting arrange-
ment on the OC levels and the arm postures, while the
human subjects operated the gear-shifter with almost
the same operation force for all of the specified N-gear
points. This supports the finding that the moment of
a certain joint contributes to the making of a decision
regarding comfort/discomfort during motion tasks
[2], [4]. It would be valuable to compare the OC levels
ranked by the five verbal categories with those ranked
by the nine verbal categories that are often utilized in
studies that rate the level of comfort/discomfort, but
this is relatively unimportant to the discussion of the
results of this study.

Finally, the relationship between the OC level and
the geometrical properties of the HFME during gear
shifting was determined. A statistical analysis showed
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that human operators felt more comfortable at those
points where the HFME size in the vertical plane
in the operating direction was larger and when the
orientation of the HFME major axis was directed in
the operational direction in the horizontal plane. The
results indicate that the human OC level of interface
devices can be predicted/evaluated by utilizing the
HFME:s for various arm postures. Since the proposed
method using the HFM can simulate the activation
level of all of the joints involved in the motion by
calculating backwards with Eq. (1), we could further
investigate the contribution of the joints” activations
on the OC levels during manual tasks by a limb.

This study used a small number of subjects for each
experiment, but this will not influence the proposed
methodology using HFM. From the application view-
point, the database of human joint torque properties
should be enriched to ensure the reliability of the pro-
posed methodology while considering the individual
effects, such as the gender, age [17], weight [23], [24],
and joint combinations in the joint torque production
[16], [18] as well as in the OC evaluation [3].

In conclusion, this study has focused on gear
shifting with an upper extremity, but lower
extremities could also be studied to the same
ends. Future research will investigate the influence
of the muscle contraction level on the joint torque
characteristics so as to improve the reliability of the
HFME and for expanding its application to other
studies in terms of effort [26], [27], force [28], [29],
[30], as well as the analysis of human movement in
the operation of other human-machine systems.
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