Virtual Grasping Assessment Using 3D Digital Hand Model
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Abstract

The purpose of this research is to develop a simulator that can evaluate stability anfl egsFson grasping
handheld information appliances such as digital cameras without real subjects and physical mockups. In the
simulator, we integrate 3D digital hand models with the 3D CAD models of the appliance to realize the virtual
grasping assessnten

The simulator features are the following:

Geometrically accurate 3D digital hand models with rich Japanese size varieties are used for the assessment,

A semiautomatic grasp planning function is installed to efficiently find appropriate grasp postuhe fo
exterior housings geometriesapliances,

"Forceclosure" and the "grasp quality” indices to quantitatively evalgiaspstability for the productand

Ease of grasping can be qualitatively evaluated based on "comfort database" constructed R for
measurements of finger joint angles of a real subject.

1 Introduction

Recently as handheld information appliances (e.g. mobile phones, RDAdigital audio playeyshave widely
spreadto general userghe manufactureof these appliances havad to take more interest their ergonomic

design. The ergonomic design of the information appliances mainly has to be exvahat two aspects: physical

and cognitive. The physical aspect of the ergonomic design of these appliances ieatgdégrasping the housing,
relevance of arranging positions of the physical components (buttons, switches, dials, displays lumps etc.) of the
userinterface, and theaseof their manipulations.

Whenmanufactures need to do thassessmeritom the physical aspect of the ergonomic design (hereaftemred

to fiergonomic assessmeépfor theinformationappliancesuser tests are usually done where subjects for testing
usephysical mockupsef the appliance and evaluate their desldowever, the user test process usually requires the
expensive cost of makinghysical mockupsand takes a long timeThese additional costs of user testing for
information appliances occupy a comparatively large part of the development costs, and the manwiakd like

to decrease them.



Figure 1. An example of ergonomic assessment by integrating the digital hand model with the product r
the information appliance

On the other hand, the3 CAD system has widely spread to the design procesisest information appliances.
And the 3D digital mockup of the housing of the appliances can be easily obtairtbd early design stage. So
thereis a strongpossibility that we carexecutethe ergonomic assessmentg integratingdigital human models

especially including digital hand modelsth digital mockups of thénandheld informatiorappliancedo decrease
the extra time and cost of the user test.

Some simulation software using digital human modese beercommercialized [1]Jand are being useid the
design ofautomobiles andirplanes. However, the digital hand models includettiédigital human modelsf such
softwaredo not necessarily satisfy with desired accurang size variation of human hands when operating the
handheld appliances. Meover,the softwaredoes not havehe functionsof graspng the digital mockups of the
applianceor of evaluaing the easeof grasping the housingndoneof the manipulationof the useifinterfaceby the
hand.

Therefore, ar research purpose is tievelopan automatic ergonomic assessment system for desigaimgheld
information applianceby integrating the digital hand model with theliBnesional product model of the appliance
as shown in Fig.1.

As shown in Fig.2,n oursystem we realizehe following featurefunctions for ergonomic assessment to satisfiy
PUrpoE:

1. Generationof kinematically and geometrically accuraBedimensionaldigital hand models with rich
dimensionalariation Weapplya di gi t al hand -ka mdidtheergamdmicassessimBritin i b a
our system. The Dhaibdand wasleveloped by BIRC, AIST,Japan The DhaibaHand has grecisehand
link structure model which is derived from the kinematic analysis for the measured data obtained from
motion capture and MR2[3]. 3-D digital hand models with dimensional variation can be generated by
deforming a generic hand model which has been created by the factor analysis of dimensional
measurements taken from 103 Japanese subijectds {].

2. Automatic generation andkvaluation of the grasp postureBy only a few useinteractions, our system
automatically finds one of the possible grasp postdedsrmined by the product shape and the digital hand




geometry It also quantitatively evaluates two indices the grasp i) grasp stability for the product
geometryand ii) ease of graspy from aspect of finger joint angle configuratiorhe former i) is calculated
based on théorce-closureand thegrasp qualityused in the grasp planning of robotics. The latter ii) is done
based a fiease of grasping (EOG¥valuation mapvhich has beerconstructed from principal component
analysis for finger joint anglaa real subjectdgrasp

3. Automatic e/aluationof easeof the finger motions in operating the user interfaldge system automattly
moves fingers othe digital hand by followingan operation taskmodel of the userinterface (e.g. which
button has to be pushedt) also automaticallyvaluats easeof finger motions during operation of the user
interfacebased on the flexion joirngles of fingers.

4. Aiding the designerto redesign the housing shapes and to reallocate the spatial arrangement of the physical

components of the usérterfaces €.g. buttons, dials, displays) in the digital mockuy the above two

evaluation indicesthe system conducts sensitivity analysis for the redesign of the housing shape. This
analysis finds an optimal combination of some dimensional parameters of the housing shapes so as to

maximize the evaluation indices for the grasp posture.

This automatic ergonomic assessment system is being developed as a part of our govendeproject called
fiSapporo IT Carrozzerg[5]. Thus far, theabovefunctions1 and 2as shownn Fig.2 of our system have been
developedand are described in this paper.
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Figure 2.The overview of our proposed automatic ergonomic assessment system



We also describe the verification resutff our system by compariniipe estimatedyrasp postures given from the
system with the ones from experiments, and Bisoomparing theraspstability for the product&valuated by our
system with the orgfelt by real subjects.

2 RELATED WORKS

In robotics, Miller B] proposed the wellunctioning grasp planning system callB@raspltb for a robotic hand.

This system can import a wide variety of robotic hands and product models, and can evaluate the grasp posture
formed by these hands based on the faftosure and the grasp quality. Recently, he proposed to extend the hand
models inthis system to the human hand.[Aowever, the final goal of this research aims to better understand the
important features for robotic hand design, and does not necessarily aim to discover ergonomic design or provide
assessment of the housing and the-irderface of the information appliances. Moreover, the method to generate

the rich dimensional variation of the digital hand models was not discussednestdschMiyata [8] developed an
algorithm which can generate realistic grasp postures fordgytinwith arbitrary diameter based on their hand link
posture estimator [2,3] from the motion capture data.

On the other hand, much research has been done in applying the digital hand to the virtual reality (VR) environment
[9]. The main purpose of this VRsearch is to construct a more intuitive and natural interaction environment where
the user can directly operate the virtual object using the digital hand. The grasp motion of the digital hand is
manually instructed through the dataglove, and the gegrokthe hand model is usually simplified so as to achieve
reattime interaction. Therefore, in the VR system, we cannot evaluategyrdmp stability for the products
corresponding to arbitrary human hands, and cannot apply it to the ergonomic desgprofitict.

In the area of computer animation, EIKoura proposed a simulator which can generate the motion of the fretting hand
playing a given musical passage on a guifdl].[This system, callediHandrixd, is aimed to create the precise
animation of guitafingering for music education and analysis. Kydt#] [also proposed a system to automatically
generate the grasping posture for more general objects. However, the function of the f6ymas [only limited to

the guitarplaying motion, while the lattd11] generated too many possible grasping posture candidates to use as a
posture for ergonomic assessment of information appliances design. The precision of the hand model of the latter
[11] was inadequate for ergonomic assessment.

Therefore, the previaurelated works on the digital hand were not necessarily applicable to the ergonomic
assessment of handheld information appliances.

3 DIGITAL HAND MODEL

3.1 Overview

To performeffectivedigital ergonomic assessment, it is insufficient to use only one digital hand model with a fixed
dimension because the physical dimensions of appliance users differ from person to person. Therefore, we needed to
generate a digital hand model with possiithropometricvariation. In this purpose, we used a digital hand model
based on the Dhaibidand {]. The digital hand model used in our system consists of the following four parts:

1. Link structure modelA link structure model approximates to the rotaibmotion of bones in the hand.
The model was constructed from the measurement by MRihemdotion capture. The model has 17 links,
and each link has two joints at both its ends. These joints can rotate with 1, 3 or 6 degrees of freedom, as
shown in Fig3(a).

2. Surface skimmodel A surface skin model is ad@mensional polygonal mesh for the hand surface generated
from CT images. The geometry of the skin model is defined at only one opened posture.

3. Surface skin deformation algorithrithis algorithm defineshe deformed geometry of the surface skin
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Figure 3. The digital hand model of our system. (a) The link structure model, (b) The flow of thealiefomwh
the surface skimodel

model when the posture of the link structaredel ischanged.

Natural grasping motion generatdihe natural grasping motigeneratois a function to automatically and
naturally generate a grasping motion path of the hand model from a fully opened state to a clenched one.
This grasping motion reflects the fviangle constraints difielink structure model.

A link structure and a surface skin model are generated by inputting the 82 dimensional parameters of a specified
subjects hand into thgyeneric hand modekhich areimplementedn the DhaibaHand H]. On the other hand, a

surface skin deformation algorithm and a natural grasping motion generator were originally developed by us.
Therefore, in the following sections, we describe the latter two functions.



3.2 Surface Skin Deformation Algorithm

The DhaibaHand ca generate a link structure model and surface skin model for the opened hand posture of an
arbitrary subject. However, it does not have a function to deform the surface skin model connected with the joint
rotation of the link structure modé@lherefore we propose a surface skin deformatgorithmwhere the geometry

of the surface skin is deformed along with the change of the joint angles in the link structure.

For the deformation algorithm, we propose a following deformation method developed by aubselaking a hint
from a function ofiPose6 [12]:

First, we defineWTj as a homogeneous transformation matrix which represents the posture of a local coordinate
system S; of link j of the link structure model with respect to the world coordinate syssgm From the
simple geometric relation of the transformation, we obtain

YT =TT, 2 (1)
1T, = Trans (t)) RPY (r) )RPY(r ) (2)

where S; is fixed to the root side (wrist side) of the end of the lipkand links j-1 and j+1 are the parent

and child of the link j, respectively.t) and rJ are vectors representing relatitranslationand rotation (roll,
pitch and yaw angles) fron§, ; to S; at the initial posture of the hand model where all finger joints do not rotate.
We simply dscribe Trans(t,,t,,t,) as Trans(t), and Rot(zr,)Rot(y,r,)Rot(x,r,) as RPY(r).

If v denotes a position vector of a vertexin the surface skin model with respect 8, then Wvi, the
position of a vertexv after the deformation caused by the joint rotation in the link structure model, is represented
as follows:

Yvi="T_ Trans (t))RPY(r) )RPY(ri')

O{mRreY(i9(T) } v )
K child()
i’ =wen!, wyr), wer] (4)

where W [ [0]] is a weight value, and indicates how thexdsrotation angle of the jointj contributes to the
z-axisrotation angle applied to the vertex. The weight w;, is calculated by the following two steps, as shown in
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Fig.4 (x and yaxisrotation are also done in the same manner):

STEP 1% For each vertex on the surface skin model, we manually specify which link the beftargsto in
advance.

STEP 2% For each vertexv, which belongs to the linkj or j-1, we calculatelte angle g,, between the
vector [jvx,"vy,O] and xaxis vector of S; . If we specify the four constantg,,q;,,q..q, to define four angle
domains of g,, around the joint j, then the weight valuew;,,, is defined according to the following equations
as shown in Fig.4:
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We set g,,9:, G-, 9, 8S g, >Gs >g. >q,. These bur constants are empirically set so that the domain between
g. and g, includes most vertices of the link, the one betweergy, and g, includes most vertices of the
parent link j-1, the one betweerg, and g, includes the compress side and the one betwgenand g,
includes the tensile sid# the finger skin.

STEP 3% We define two ellipsoids fixed to each link; theinternal ellipsoidand theexternal ellipsoidas shown

in Fig.4(b). If the vertexv lies in the region inside the internal ellipsoid, then the deformation o defined

only by the rotation of the jointj , so we setw(iz)vz to 1. Otherwise, if thev lies in he region outside the external
ellipsoid, then the deformation of is not affected by the rotation of the joint, so we setw,,, to 0. If the v

lies betweenthe inside of tk external ellipsoid and the outside of the internal one, wewggl, to a linearly
interpolated value between weights of the two vertices, each of which is the nearest set of points on the internal and
external ellipsoids.

STEP 4i Finally, we setw/, as a product of these two weights:

=\l j
W, = W(l)vz W(2)vz (6)

3.3 Natural Grasping Motion Generator
Lee [13] described the following properties of kinematic constraints for the each finger motion of the human hand:

Maximum and minimum angles exist for the rotation of the each finger joint.

2. The rotation angle of the DIP joint relates to one PIP joint in each fingeexcept thumb) as
(1) =(2/3) (i)
Goipx pipx-
3. The lines connecting the position of DdRd PIP joints of each finger (not including thumb) in the clenched
posture converge at a certain point.

To apply these properties to the digital hand model, we use a function ralled| grasping motioryeneratorin

our system. This generatautomatically rotates the joints of the fingers according to the natural grasping motion
stored in the system, and makes each finger posture from opened to clenched naturally. The natural grasping motion
is obtained by experimentally sampling the joingtmn angles during the actual grasping motion of a human hand.

This generator facilitates the process of estimating the grasp posture of the digital hand.
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4 GENERATION OF THE GRASP POSTURE

In this fction, we describe how to generate the grasp posture of the digital hand model for the product shape model
in our system. The surfaces of both models are representedimeBsional polygonal meshes in the system.

The overview of the process of grasp tpos generation is showin Fig5. The process consists of four steps: 1)
selection of the contagioint candidates, 2) generation of the rough grasp posture, 3) optional correction of the
contact points and 4) maximization of the number of contact points.

4.1 Selection of Contact Point Candidates

1. As shown in Fig.6, we assume that each finder..., f, can be classified into two types when grasping an
object:active finger f, 1 F,.,. andpassive finger f.i F...,. The activefinger is the one which tries to
grasp an object actively, while tipassive fingers the one which moves passively followed by the motion
of the active finger. In this system, we specify actve fingerand thregassive finges. If the part of the
product surface geometry have been originally designed so as to be contacted with the tip of a certain finger
(eg. the shape of the ergonomic mouse), this finger is selected as the active finger.

alm

digital hand model, and a vertex', on the surface of the product model whose position will be identical
to the one of the vertex;.,, at the grasp poster

2. The user of the systeinteractivelychooses a pair of vecs: a vertexv', —on the palm surface of the

3. The user of the system interactively chooses another pair of vertices: a véftexon the surface of an
active finger and a vertexv.,. . on the surface of the product model whose position will be identical to the
ore of the vertexv'.. _ at the grasp posture.

active

4.2 Contact Detection of the Digital Hand with the Product Model

For generating grasp postures automatically in the system, we need to check whether the surface skin model of the
digital hand contactvith the surface of the product model. Actually the surface of a hand is deformed when
contacting the product surfac&enerally,deformation of human organs has dmearly elastic property, and
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simulating the deformation of such nbnear material ugsig FEA relatively needs a large execution time. However
this is unacceptable to our system where a large number of different grasp postures have to be generated and tested
within a practical time.

Therefore, wesubstitutesimple geometric collision detection for accurately simulating the contact deformation of
the hand. The collision detection classifies each vertex in the surface skin model into the following three states:

If a vertex isoutside of the surface of the product model, then the vertex is marked as NOT COLLIDE state.

If a vertex is inside of the surface of the product model and the disthriiween the vertex and the
product surface along the vertex normalis less thanhe usemefined tolerancer as shown in Fig.7,
then the vertex is marked as CONTACT state

3. Ifavertexis neither in NOT COLLIDE or CONTACT state, the vertex is marked as COLLIDE state.

If somevertices of the digital hand are in CONTA stateand the others are in NOT COLLIDE stathe system
considers that the hamdntactsthe product model. If at least one vertex is in COLLIDE state, the systesitdd
the hanccollidesthe product model. Otherwise, the systerestbat the handloes notollide the product model. In
all grasp posture, the digital hand must be in CONTACT state.

4.3 Generation of the Rough Grasp Posture

1. The system translates a position of the digital hand model so that the positjgnof the vertex vy, is
identical to the positionv’_  of the vertex v’

palm palm*

2. For each time step of the natural grasping motion of the active firgeerF, ., the system minimizes the
distance betweerv., . and v

active «tiver DY rOtating the hand model around the three axes, passing the point
vgalm. During this minimization, the other fingers remain in the initial opened postures.
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Figure 7. The method of tledllision and contact detection between the surface skin of the digital hand a
surface of the product model

3. Starting from the hand posture obtained from the above procedure 2, the system maximizes the number of
the contact points between the dighiaind and the product model by rotating the digital hand model around
the axis which connecty”,  to vF©

palm active®

4. Finally, the system closes eagassive finger f, i F,,., and thumb along with theatural grasping
motion until the surface of the digital hand model is in contact with that of the product model.

After these procedures, the system returns one of the following grasp postures of the digital hand model; a) grasp
succeeded, finger could reach td,,, and its rough grasposturewas obtained, b) grasp failed, finger could not

reach to vl .., and c) grasp failed, finger could reach .. but the hand model still collided the product
model.

tive

4.4  Optional Correction of the Finger Posture

The rough grasp posture of the digital hand model found by the previous procedure sometimes includes the fingers
with inappropriate postures which are quite different from the desired natural postures. In such casasofileeus
system can optionally correct these inappropriate postures of the fingadslitipnally selecting a goal position to

which the fingertip should move on the surface of product model. The corrected finger posture for the goal position
is found bysolving the inverse kinematics using the CAIy¢lic-Coordinate Descentmethod [14].

4.5 Maximizing the Number of the Contact Points

For grasping an object stably, a human hand usually grasps it in order to let the contact area be the maximum.
However, the sugh grasp posture found by the previpusceduresometimes does not have such a property. In

that case, our system maximizes the number of contact points by perturbing the joint rotation angles of the each
finger. We perturbed the rotation angles byatioig 16 times with 0.06 [deg] increments for each axis.

5 Evaluation of Grasp Stability

Using he procedures described in the previgastions our system estimates one of the possible grasp postures
based on the digital hand model and the product moded.the next process, the system automatically evaluates
the grasp stability for the product ithis estimated grasp posture. We introduce ftiree-closure and the grasp
quality into the evaluation of the grasp stability. These two concgete originallyproposed for successfglasp
planningusingroboic hands 15].



In our system, e forceclosure conditiorindicates whether the digital hand ogirasp the product model staldy
the contact points between the digital hand and the product mddetover, f an estimatedgrasp posturean
satisfy the force-closure, grasp quality can express how stablycamr holdthe product athis posture.These two
concepts in our system are described in the following sections.

5.1 Force-closure

Originally, in the definition of robotic grasping, a grasp is said téfbee-closura if it is possible to apply forces
and moments at the contact points such that any external force and moments acting on a grasped object can be
balanced [15]. We adottis forceclosure as a condition for decidittte graspstability found by the system.

As shownin Fig.8, sipposethere are N contact points between the surface of fingers (or a palmyigital hand
model anda product model, these contacts @rgid contacd and their friction follows the Coulomb model with
friction coefficient m. We selected m=1, which is the midrange of the friction coefficient between human skin
and an object.

Contact force vector
Edge |

5h surface of
duct model

Figure8. A contact point between the surface skin of digital hand and the surface of the product moc

Convex hull of W, (c)

Grasp quality €

halfspace h

Figure 9.The definition of the grasp quality



The contact force vector acting at a tamt point ¢ must lie within itsfriction coneso that the fingewould not slip
at contactc. The half angle of the cone itan* /i, and we approximate the cone with & -sided pyramid
(friction pyramid). From this geometric relation between the friction cone and the contact force veatorttat
contact forces can be represented as a cacm@mbinationof L edge vectors of theiftion pyramid.

Then awrench w(c)i A®, which represents a combination of the force and the torque acting at conteah be
expressed as follows:

w(e) =& a, w0 @
e d© o
RARA YCRRNC! @

where w, (c) is the wrench for anl -th edge of the friction pyramid at, d,(c) is the | -th unit edge vector of
the pyramid, p(c) is the position vector of the contact point atwith respect to a coordinate system fixed at
object gravity center, and, (c) is a nonnegative coefficient

The force-closureis defined agithe state to resist any exhal wrench by applying positive forces at the confacts
[16]. Based on equations (7) and (8), the condition of the fdl@sure can be expressed as follows:

oo

] . el & a
Ol Interior gonvexHuII‘ES 8w, (9 9)
¢ y

lca1 121

where ConvexHull(® and Interior (§) are the convex hull of a set of points and an inner space of a 3D object
respectively, and0 indicates the coordinate for an origin of the wrench space.

Therefore, from the coordinates of contact points given by the system, weteemide that a grasp posture found
in the system isistabl® when eq.9 holds.

5.2 Grasp Quality

If a grasp posture satisfies the foresure, then the system must evaluate to what extent this grasp is good. The
grasp qualityis used in our system agjaality measure for this purpose.

A grasp qualityis defined agithe reciprocal of the sum of magnitudes of contact normal forces required to achieve
the worst case wrenoh16]. As shown in Fig.9a grasp qualitye can be calculated as th@nimum of distances
between the wrench space origin and each hyperpldnéd constructing the convex hull of eq.9:

e=min (dist(0, h)) (10)

where dist(a,b) is thedistance between a poird and a planeb .
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Figure 10. The result of the grasp posture for atgpa mouse

(a) Cellphone

(c) PDA

Figure 11. The results of generating the grasp posture of a variety of information apphdingesture satisfy
the forceclosure, and the grasp quality is (a) 0.35, (b) 0.51, (c) 0.52. The processing times are (a) 30s,
(c) 40s. The number of faces of the product surface mesh is (a) 2546, (b) 2170, (c) 2696.



6 Results on Evaluation and Verification of the Grasp Posture Generation and
Grasp Stability

6.1 Evaluation

Figure 10showsa resultof a grasp posture for the product model of a-fype mouse. This mouse was newly
designed angrototyped by another team in our projggt The 3D mesh model of the mouse housing was made by
tessellating a 3DCAD model. The digital hand geometry was set to the representative Japanest.hand |

This grasp posture for the pgype mouse in case ofie normal operating situation is shown in Fig 10 (Left). It
satisfial the forceclosure. However, in the mouse, a user must release a thumb from the housing surface to operate
the buttons. So we fevaluated the grasp stability in this released situatiod, the grasp posture resulting did not
satisfy the forceclosure any longer. From this evaluation, it became clear that this mauseé not be able to be
grasped stably whemanipulatingthe buttonsand the position of them has to be redesigned.

Figure1l shows the other results of grasp postures for a variety of handheld information appliances, each of which
has a similar parallelepiped housing shape with different dimensions. As shown in Fifc}llifayvas confirmed

that our system could flexibly gerate appropriate grasp postures even in case where the dimefisf@groduct

model differed.

6.2 Verification

We verifiedthe results of thegrasp posture anthe grasp stabilityevaluationobtained from our system frothe
following two points ofview:

1. How equally the digital hand in our system can imitate the real grasp posture in which a human grasps a
physical product, and

2. To what extent a correlation is between subjeativaluationsof the grasp stability by real subjects and the
grasp quality indies obtained from our system using the digital hawodel.

If these two verification results are satisfactory, then we can conclude that our proposed system is able to estimate
whether the product housing geometry is easy to grasp in the grasp postaredabgla designer. Wiescribethe
results of thewo experiments of the verifications in the following section

Figure 12 shows the verification results of the grasp posiveegenerate a digital hand model fax certain subject
(24 old, a Japanese male), and preparegdinder(60mmdiameter and 205mm height) and a product model for it as
test models

Figure 12(a) shows the real grappsturegenerated by the subject and the posture generated by our system,
regectively.Finger positions of the real posture were roughly identical to those generated from the Bigiesn.
12(b) shows contact area maps for these togiypes and a superimposed map.

From this experiment, thougthere are several small and unmatcheohtact ares between the real (blue) and
digital hand (red) postures palm and fingertipghe contact areas the digital hand modedould approximate that
of the real subje&@ hand at grasping stat€he result fromthe pressure distribution map also supported this
conclusion.

Figure 13 shows the verification result of the grasp siibiévaluation. The subjects weBelapanesmales(ages 22

to 28). The products wer set of4 cylindes (diameter40mm,60mm, 100m, 165mm) and 4 squasection
prisms (width:40mm, 60mm, 75mm, 100mmJhe subjects were instructed to put one side of the prism or the
cylinder on the table and hold another side by theidominant hand. They were asked to respectively antheer
feding of stability inthdr grasp posturdor these 8 products on aldvel subjective evaluation index. The index
classifies the stability a®: unable to grasp, 1:a bit hard to graspaldle to grasp commonl3:very easy to grasp
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Figure 12. The verification result of the validity of the grasp posture for a cylinder. (b) Red points sho\
contact points between the surface skin of the digital hand model and the surface of the product mou
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Figure 13. The verification results of the validity of the stability evaluation for the grasp posture f
cylinders (circular points) and square prisms (rectangle poifit&).graph shows the correlation between

evaluation by the real subjectsdyis) and one by our systemxis). The values in the parenthesis show
size of the cylinders or prisms.

firmly. The system atsevaluated the gragpability as grasmuality indices for themFor the cylinders over 60 mm
diameter, the scatter diagram in Fig.13 showed that theretova®me extenta positive correlation between two

indices. However, under the 40mm, this cofiefadoes not hold, because some subjects felt it easier to grasp the
cylinder with a larger diameter than with a 40mm diameter.

From this experiment, at this point, the grasp quality evaluatdtebgligital hand model in our system is effective

to roughly indicateaveragd subjective feelings for the stability of hand grasp for products with simple geometries
(eg.cylindersor square prisms).



