Deter mination of theinverse kinematics of a me-
chanic hand for realizing apprehension of
a predeter mined object with two or morefingers.

Gerrit Farber

Institut d"Organitzacio i Control de Sistemes Industrials (I0C)
Programa Doctorado: Automatizacion Avanzada y Robdética

“Trabajo deinvestigacion tutelado”

Name of doctorand: Gerrit Féarber
Supervising Professor: Rall Suarez Feijoo
Date: 15.07.2003



Table of contents

[ gL A oo L1 T o o HO USSR 2
Nomenclature and OVEIVIEW ...........ooveieiierieiesiese e 3
FOrward KiNEMAaLICS .......coviririiininieieisie ettt sttt 6
Definition of the object tobe grasped. .......cccoveeeiiieie e 8
Definition of the ODJECE........ceiiiiecee e 8
Thefour fingered Hand ... 9
Definition of the Hand............cooiiii e 9
Center of Spherein Fingertip PFINQEr-S........cccooeie e 9
Point of connection of thumb with pam PT-C.........ccccoooiiiiiiiiieeecee 11
Heuristic method for determining theinitial point PT-C.........cccccoovevenene. 11
Inverse kinematics of middle finger .........ccveveeece e 14
Inverse kinematics of thumb............cooooiiiiiie 20
Determination of the orientation of thumb ..., 23
Determination of fingertips of middle finger and thumb............................ 24
Position of the hand-base.............ccooirein 25
Index finger and riNg fINGEN ..o 25
Calculation of the quality of the arrangement ............ccccceveevecececce e 26
Search for improvement of the configuration............ccccceeveiieeve e, 28
Output file iN VRML-TOMMEL ........ccoviiiriie s 29
RESUITS....e et sttt b e re e 30
Desired height of ODJECL..........ccoiiececece e 30
N o 01T L SO 33
Tables of the Representation of Denavit-Hartenberg.........ccocvoeveviiencnenene 33
Schematic of NaNd ..........cooiiii e 35
Mathematical basis of Vector ANalySiS........ccveceveeeeieeieseere e 37
SCAlAN PrOUUCT ......oveeiriiiiriereeeee e e 37

(O 7015 o] £00 [FTox (SRS 37
DIStanCe POINE-V ECION ......c.eiiuieieieieiieeee et 38
Distance POINt-Plane.........cccoveieieirece e 39

PN 010 | LSS ox (o] GV A o (o SR 39
Angle and Intersection Vector-Plane..........ccccoveveeieeccecvee e, 40
Bibliography and used SOftware .........cccccoeoeveieeve e 41




SARTI |ntroduction

The four fingered hand discussed in this work is based on the mechanical hand designed
inthe“Institut d"Organitzacio i Control de Sistemes Industrials’ (10C), Barcelona, Spain.
The hand consists of arigid pam and the four fingers: thumb, index finger, middle finger
and ring finger. It is meant to be similar in ratio compared to the anatomic hand of the
human being. The most significant difference is the absence of the little finger. The pro-
posed idea to grasp an object, given four contact points, can basically be applied directly
to any mechanical hand which consists of the same number of articulations per finger.

The objective of this work is the determination of the configuration of a hand, first for
two fingers and then extending to four fingers, which permits an “optimum® grasp of a
given object. The considered object is a parallel epiped defined by its width, height and a
relatively big value for the length. Thefirst two values are taken as input values to be able
to define the location and the orientation of the contact points where the fingers make
contact with the object. It also would be possible to define the contact points indepen-
dently, without an explicit object. In this case, however, it would be essential to also spec-
ify the orientation of the surface at the contact points.

Once defined the contact points the hand will be placed around the object based on a heu-
ristic method. This heuristic method does not necessarily define a possible solution with
respect to the range of the articulations but defines a solution that is reachable for the fin-
gers.

Based on the initial configuration of the hand a search is applied in order to improve and
finaly find the best configuration of the hand fulfilling the grasp. The search is guided by
a target-function that calculates the quality of the determined configurations, favoring
solutions in which the angles of the articulations remain close to the middle of their
ranges and penalizes angles that are out of range and therefore would result in an impossi-
ble configuration of the hand. The calculated quality also has to take into account the
height of the object to be able to guide the search in such a way that the configuration of
the hand at |east permits the desired height of the object.

The results basically can be divided into two types of solutions. In instances in which a
small height is desired, the algorithm will find a configuration that is generous with
respect to the height and would allow the object to intrude more into the found configura-
tion of the hand. In other instances in which the desired height is relatively big, the search
will be dominated by fulfilling the desired height and as a consequence the quality of the
obtained configuration of the hand therefore will decrease rapidly, approaching more
unusual configurations.




Introduction

The proposed method for finding an appropriate configuration for the hand, first of al
determines a solution for the middle finger together with the thumb and as a consequence
the position of the wrist. In continuation, using the found configuration, the index finger
and the ring finger are positioned afterwards. The work is based on the existing mechan-
ical hand of the IOC which does not have alittle finger. Nevertheless, the determination
of the little finger could be solved in the same way as the last two fingers.

This document not only explains the theoretical part of the determination of the configu-
ration of a four fingered mechanical hand but also shows results of its application in a

simulation that is programed in the language C**.

1.1 Nomenclature and Overview

In this section a simplified schematics of the hand (see Fig.1) together with the nomen-
clature (see Table-1) of the used variables can be found. Finally the sequence of the gen-
eral proceeding (see Table-2) of the proposed method is shown.

phi:-‘.
Phi .
Figure1. Simplified schematic of hand showing palm,
thumb and middle finger grasping the object.

H = Hand o0 = Contactpoint of Finger with Object | D7 A =Distance
T =Thumb s = Spherein fingertip PT A% =point
I = Index finger ¢ = Connection Finger-Hand
M = Middlefinger | @ = Angle of articulation
R = Ringfinger

Table 1. Nomenclature of used variables and indices.
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1. Contact points:

The contact point defines where the finger makes contact with the Pr.o: Pi-o»
object.

Pv-o Pro
2. Center of the spheresin the fingertips:
The last phalanx of the finger terminates in a sphere. For the deter- Pr.s Pis
mination of the inverse kinematics the center of this sphere is taken into
account. The center of the sphere can be determined by displacing the Pu-s: Pr-s
contact point perpendicular to the object”s surface with the length equal
to the radius of the sphere.
3. Point of connection of thumb with palm with its heuristic method:
The thumb makes contact with the palm in the point Py_c where the Prc

base of the thumb is found (location of Q 1_;). For initially
positioning the Point P;_¢ the following heuristic method is
applied:

Two spheres are positioned each surrounding one of the points Py_g and
Puv.s- Where the two spheres intersect, the initial position for Pr_ is
located, which then will be improved by applying a guided search.

4. Determination of inver se kinematics of middle finger for Q.9 and

Qt-10 (QT-7=10):

a) Determination of afunction for Q,.g over the distance between the
points Pr_c and Py_g fulfilling the target function.

b) Determination of the inverse kinematics of the middle finger for the
angles Q .9, Q \-10- depending on Q g and the distance of the points

PT-C and PM -S

Qrs

QMm-90 Qm-10

5. Determination of theinver se kinematics of the thumb for Q 1.9 and Q 1.1¢:

Determination of the inverse kinematics of the thumb for the angles
Q 1.9 and Q .1, depending on the distance of the points P_c and Py_

S.

Q1.9) Q1.10

6. Determination of the angles Q.7 and Q+.g:

With the determined val ues the middle finger and the thumb are
positioned. The angles Q 1_7 and Q 7.g define the orientatin of the
thumb in relation to the the palm.

Q7.7 Qrg

7. Determination of the angles Q .4, Q H-6

Thefound configuration permits the calculation of theangles Q 1y, and
Q H-5 and the position of the hand-base Py ..

QH-4 QH-e
Ph.s
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8. Determination of the anglesQ 1.1, Q1.12, Q m.11, Qm-12 Of thefingertips:

With the vector pointing from the center of the sphere in the fingertip
towards the point of contact with the object and the direction of the last
phanlanx of the corresponding finger the angles Qt.11, Q 1.12: Q m-11

Q T-11» Q T-12»
Qm-110 QMm-12

and Q p;-12 can be determined.

9. Determination of the articulations of theindex finger and thering finger:

With the determination of the thumb, the palm and the middle finger it | Q|7 t0 Q| 15,
is possible to position the index finger and the ring finger. QRr.710 Qr1y

10. Deter mination of contact points between the hand and the object:

The found configuration of the hand allows the calculation of the Object-height
position of the individual phalanges. With the position of the contact
points of the parallelepiped it is then possible to evaluate the object’s
maximal height.

11. Application of a guided search for Pr_c toimprove the configuration of the hand:

For the articulations of the hand and for the height of the hand the Final position
quality can be calculated. This quality depends on the applied target of Pr.c
function. In the case of the articulations a linear function is applied and
in the case of the height of the object a quasi-binary function is applied.
The guided search for the optimisatin of the configuration of the hand
can be devided into two cases:

« for relatively small values of the desired height of the object a
configuration will be obtained that permits the object to intrude
more into the hands configuration.

« for relatively big values of the desired height of the object the
search is dominated by fulfilling the desired height.

Table 2. Secuence of the general proceeding of the proposed method to determinethe
configuration of the hand grasping an object.




PARTZ Forward Kinematics

The work is based on the mechanical hand which exists in the IOC. The parameters of the
hand are given as shown in the Tabel-3 to Tabel-6 in the Appendix, using the representa-
tion of Denavit-Hartenberg. Applying a set of angles for the articulations it is possible to
calculate the final position of each finger, using these tables. This procedure is called
Forward Kinematics

Forward kinematics is the transformation from joint space to Cartesian space. This trans-
formation depends on the configuration of the robot (i.e., link lengths, joint positions,
type of each joint, etc.). In order to describe the location of each link relative to its neigh-
bour, aframe is attached to each link, then a set of parametersis specified that character-
ize thisframe. Thisnotation is called the Repr esentation of Denavit-Hartenber g which
has become the standard way of representing robots and modelling their motions.

The method begins with a systematic approach to assigning and labelling an orthonormal
coordinate system to each joint. It is then possible to relate one joint to the next and ulti-
mately to assemble a complete representation of the geometry. Fig.-2 illustrates the
parameters that connect the link i with the previouslink i-1.

Axis i — 1 Axis §

Figure 2. Four values(a .1, &.1, Qj, d;) can beidentified
relating thelink i to the previouslink i-1.




Forward Kinematics

The parameters used in the representation of Denavit-Hartenberg describe a set of 4x4

matrices:

A rotation a ;. around the axis X ;:

A trandation a_; along the axis X;_;:

A rotation Q ; around the axis Z;:

A trandation d; along the axis Z;:

T _|rO

1 o 0 0
- |0 cos(a;_y) —sin(a;_;) 0

0 sin(a;_,) cos(a;_;) O

o o 0o 1

1004,

010 O

001 O

000 1

[cos(Q;) —sin(Q) 0 0
sin(Q;) cos(Q;) 00
0 0 10
0 0 01

1000
0100
001d
0001

It can be noted that any of these values can be, and often are, equal to zero. Together,
these four transformations in the above order lead to a unique homogeneous transforma-
tion matrix with four variables representing the relationship between these two links i

andi-1.

The transformation matrix which gives the tranformation from link i-1 to link i is the fol-

lowing:

hod iRy
i R Q

P

<9 <7

a




PART3 Definition of the object to be grasped.

Given a mechanical hand, the determination of its configuration starts with the calcula-
tion of the contact points of the object. These contact points then fulfill certain criteria,
e.g. minimization of applied forces. These contact points are to be reached by the
mechanical hand. However, some algorithms may determine contact points which are out
of reach due to the restrictions of the kinematics of the given hand.

The objective of thiswork is not to find the best grasp configuration for a given object but
to determine a good configuration of the hand for a given set of contact points. For sim-
plification of the demonstration of the results the contact points for the smulation are cal-
culated with the basic shape of a parallelepiped and are positioned in a single plane, the
middle finger located exactly on the other side of the object where the thumb is posi-
tioned. The index finger and the ring finger then are positioned with afixed distance next
to the middle finger. The proposed method also would work for arbitrary contact points.

3.1 Definition of the object

The polyhedron utilized in the smulation is a parallelepiped, defined by its width, height
and length (see Fig.3). The value of the length of the parallelepiped is relatively large and
has no influence on the calculation. In other words, the parallelepiped to be grasped
defines a rectangular bar. The width and the height of the object can take any arbitrary
positive value. The object also can be displaced in the workspace which only resultsin a
displacement of the hand and has no direct influence on the configuration of the hand.

&
¥

engh

Hesight

Porolslepiped

Figure 3. Schematics of the parallelepiped defined by itslength, height and width.




PART Thefour fingered Hand

4.1 Definition of the Hand

The schematics of the hand showing the base-vectors, necessary to calculate the thumb
and the middle finger, can be found in the Appendix in Fig.13 and Fig.14. The reference
point of the arrangement (hand with object) is defined by the coordinate system “World-
Reference” with itsthree base vectors. Each finger has three rigid phalanges with an artic-
ulation inbetween (Q finger-9: QFinger-10): tWO more articulations can be found between
the finger-base and the palm (Q ginger-7: Q Finger-g)- The phalanges as well as the palm are
rigid objects, hence their dimensions are constant values. A change in the configuration of
the hand results from a change in the value of an angle of an articulation or in a displace-
ment of the entire hand in one or more of the three directions of the base vectors. The
description of the representation of Denavit-Hartenberg (see Section-2) explains how to
understand the definition of the hand shown in Tabel-3 to Tabel-6 in the Appendix.

The objective of the work is to find an adequate configuration of the hand with respect to
the freedom of movement of the object within the hand, rather than finding an optimal
grasping configuration with respect to the object. In other words, the proposed method
will find a configuration of the hand that permitsto translate or rotate the object only with
the fingers without changing the position of the pam. Thisis achieved by applying atar-
get function that favors solutions in which the angles of the articulations remain close to
the middle of their range and penalizes angles which are out of range and therefore would
result in an impossible configuration of the hand.

411 Center of Spherein Fingertip Pringer-s

Each finger terminates in afingertip which is formed by a sphere (see Fig.4). The radius
of the sphereis defined by the value a5 1 of the respective finger. Once found the contact

point with the object R:,ger.0, the center of the sphere of the fingertip Prjnger.s can be

determined. It can be calculated by displacing the contact point perpendicular to the
object’s surface with the value of the radius of the sphere. This displacement is described
by the vector Veinger-os The equation for determining the position of the Center of the

sphereisthe following:

Thumb: Pros = Pro—Vr_os
Index finger: Fi.s = P_o—Vi_os




The four fingered Hand

Middle finger: Pu-s = Pu-o—Vwu-os
Ring finger: Prs = Pr_o—Vir_os

The vector Vij,qer-0s depends on the orientation of the surface of the object where the
finger makes contact. In the case of the parallelepiped, which is oriented in the direction
of the base-vectors, the vector pointsin the X-direction of the base vector of the “World-
Reference’. The vectors for the case of the parallelepiped are the following:

Thumb: Index finger: Middle finger: Ring finger:
—q13-1 iz SAi3-1 S3-1
Vi_os = 0 Vi_os = 0 Vim-os = 0 Vr_os = 0
0 0 0 0

In the sphere of the fingertip two virtual articulations (Q ginger-11: Q Finger-12) &€ consid-
ered (see Fig.13 and Fig.14), their determination is explained in Subsection-4.1.7.

In this work the object is set to a fixed orientation and can be trandlated in the direction
of the three base vectors. A rotation of the object would result in arotation of the com-
plete arrangement and not in a variation of the angles of the fingers and therefore could
be done after the determination of the configuration of the hand is completed.

Middle Finger | e
} : ey o S
¥ b
\ 44 A Object ok A ‘ﬂ»
P'xs.l Prc P, . F
Visi v

Figure4. Schematics of the spherein thefingertipsof themiddlefinger and thethumb,
defined by thevectorsV,_ogand V;_ggwith itslengths equal to theradius of

the spheres.

-10-



The four fingered Hand

4.1.2  Point of connection of thumb with palm Pt_¢

The proposed method first determines a solution for the thumb and the middle finger and
afterwards the positions of the remaining two fingers. The determination of the middle
finger and the thumb can be devided into two parts. The determination of the thumb and
the determination of the middle finger together with the palm. These two parts then have
a common point B which defines the connection of the thumb with the palm (see

Fig.1 on page3).

The orientation of the thumb in P1_c in relation to the palm is defined by the articulations
Q1.7 and Qt.g. Moving the hand aways will result in a constant position of the point

Pr_c within the palm which can be calculated using the forward kinematics of the thumb
until its base system-7. Locating the base of the hand in the “World-reference” and set-
ting the angles to its zero-position, the fixed location of R within the hand can be

found for the hand of the |OC:

40,165
Pr_c = 30,0122
145,814

In order to give a better understanding of where the thumb is located the following table
shows the coordinates of the connection points of the other fingers:

Index finger Middle finger Ring finger

9.5 9.5 9.5
P_c= 67 Pu_c = 0 Proc = | —67
276,55 276,55 276,55

It can be seen from the values in Z-direction that the thumb is connected to the palm
below the other fingers. Besides it is displaced in X-direction, similar to the anatomic
hand.

413 Heuristic method for determining theinitial point Py_c

The point P serves as an auxiliary reference-point of the hand. Given the point Py_¢, a
starting configuration for the palm and the fingers will be determined, depending on the
distance between Pr_ and the Center of the fingertips (Pr_g and Py;.g).

The objective of applying this heuristic method is to locate Py_ such that it permits the
hand to grasp the object. In other words this heuristic method ensures that the contact
points are in reach of the fingers. The second objective is to locate the hand in a good
starting position to keep the computing time for the following search small.

-11-



The four fingered Hand

The heuristic method proposes to surround each of the two points P+.g and Ry,_g by acir-

cle, each having a predetermined radius. For simplification the thumb is located opposite
to the middle finger, exactly on the other side of the object. The circles therefore are
formed in a plane paralel to the plane containing the X- and Z-base-vectors of the
World-Reference. The intersection of the two circles which islocated above the object is
theinitia point Py_c for agiven distance between the points Pr_g and Py, _s.

a r
ll"“” IdTh D.' 20

r
L

Helght

rigure 5. SChematic of object with surrounding circles.

For objects with arelatively big value for its width the final values of the articulations of
the hand will result in amore stretched configuration, small values will permit the articu-
lations to stay close to the middle of their range as it is forced by the target function.
Therefore the radius of the two circles vary depending on the distance between the points
Pr.s and Ry.s. The thumb and the middle finger have a maximal distance of reach
(MAX), adistance of reach when the values of the articulations are in the middle of their
range (MID) and aminimal distance of reach (MIN). The distances are defined by Pr_c,
Pr.s and Pr_c, Py respectively.

The distances for the mechanical hand are as follows:

Thumb: Middlefinger:
MIN{Dt_go} = 75,90 MIN{Dy,.so} = 81,45
MID{Dt.s0} = 150,26 MID{Dpy.so} = 193,78
MAX{Dr.go} = 181,83 MAX{Dy.so} = 300,10

The maximal theoretical distance then would be (MAX{Dy_go} +MAX{Dy,.50}). Thisis
only atheoretical value and because of the limitation of the angles Q1.; and Qt.g. It is

not possible to strech both fingers and let them point in oposite directions. However, this
theoretical valueis taken into account in the determination of theinitial point Py_g.




The four fingered Hand

For the width of the object being nearly zero, the distance between the points Pr_g and
Puv.sis calculated by (a;4,_; + aws-, ) Which is the radius of the spheres in the fingertips

of the thumb and the middle finger, respectively . In the case of the mechanical hand of
the 1OC this would result in a distance of 40mm which is less then the difference of
(MID{Dy.50}-MID{D+.50}). Therefore in the calculation of theinitial position of Py_¢

instead of the value MID{D,,.s0}, the value MID{ D_g0} is used for both fingers.

The coordinates of the point P;_ are determined using the auxiliary variables a,b, ¢ with
Drs.ms being the distance between the points Pr_g and Py,_g (see Fig.6).

Figure 6. Schematics showing auxiliary distances.

The value aisthe variable that indicates the distance between the center of sphere of the
thumb with the point Py_c. Theinterval of ais MID{Dt_gq} to MAX{D+.50}-

The value b is the variable that indicates the distance between the center of sphereof the
middle finger with the point Pt_c. Theinterval of bisMID{D+.go} to MAX{Dy .50} -

The value c is the variable that indicates the distance between the center spheres of the
thumb and the middle finger. The interval of CiS (ars_1 + 8wis-1) 10 (8rz_1 + awz_1 + Drg

Ms)-
The valuesfor a, b and c are calculated using the follwoing formulas:

D
e a=D = MID(D+.s0) + (MAX (D1.50) — MID(Dr. TSMS
a T-SO (Dr.s0) * ( (Dr.s0) (Dr.s0)) XMAX(DT-SO)"'MAX(DM-SO)

° —_ —_ _ DTS—MS
b= Diy.50 =M1D(Drso) + (MAX (Drso) ~MID(Dr0)) gpases—"Fimss——

*C= (aTl3—1+ aM13—1) + DTS—MS

-13-



The four fingered Hand

The point Py then can be calculated using the law of cosine:

2 2 2
* Pr.c(X) =Py.o (X) + %
* Prc(Y)=Pyo(Y)

* I:)T-C (Z) = I:)M-O (Z) + «/bz + _PT-C(X)2

The above equations cal cul ate the intersection between the two circles which in this case
are formed in one and the same plane with the points of contact with the object.

4.1.4 Inversekinematics of middle finger

The middle finger consists of the two articulations Q y,.g and Q ;.1 and the two articula-
tions Q.7 and Q ,.g form the connection between the base of the middle finger and the
palm. The articulation Q.7 describes the rotation of the finger sidewards (abduction).
In the proposed method the angle Q ;.7 is fixed to zero.

Restriction for themiddlefinger: Q.7 =0

This restriction will only be applied for the middle finger. For the thumb it is necessary
to maintain the possibility to rotate Q.7 in order to reach possible configurations. Later
on the angles Q.7 and Q g_; for the index finger and the ring finger, respectively, also
will be necessary to determine in order to be able to position the last two fingers.

Theangles Qy,.g, Q -9 @d Q .10 form the connection between the two points Py_ and
Pu.s These three angles can be found in one plane and therefore permit infinite solu-
tions. In order to be able to solve this problem the angle Q ,.g needs to be determined in

advance. The target-function applied in the search favors solutions which result in angles
remaining close to the middle of their range.

The location of the sphere in the fingertip for the middle finger, in relation to the base of
the middle finger can be found using the forward kinematics. This leeds to the following
values:

X = 3362 xCOS_(QM-lO) xsin(Qu.g) Xcos(Qu.g) + 33.62 XCOS(Q M-10) XCOS_(QM-S) xsi n_(QM-Q)
+ 33.62 xsiN(Qy.10) X €0S( Q) XCOS(Q y.9) —33.62 XN (Qy.10) XSIN(Qyg) XSIN(Qy9)
+ 56 xsin(Qu.g) XC0S(Qu.9) + 56 XC0S(Qu.5) XSIN(Qug) + 76.66 xsin(Qu.g) +9.5

Y=0

Z = 33.62 x00S(Qy.10) % €05 (Qu.5) X€OS( Qu-0) — 33.62 %C0S( Qu-10) *SiN(Q.6) XSiN(Qus)
—33.62 xsin(Qy.10) XCOS(Qy.g) XSiN(Qyy.¢) —33.62xSIN(Q y.10) X SIN(Qy.6) X COS(Qyy.o)
+ 56 xcos(Qu-g) XCOS(Qu-g) —56 x9N (Qpm.g) XSiN(Qu-g) + 76.66 xCcOS(Qp.g) + 276.55

-14-



The four fingered Hand

The calculation of the euclidean distance between the points Pt_ and P,,_g, substituting
Qm-gand Q.10 for Qg resultsin the following equation:

D7cms = 100 x(-0,8248 xcos(Qy _g) > xsin (Qy _g) — 0,687xc0s(Qy _g) XSin(Qyy _g) + 3,96 xcos(Qy _g) ~ +
3,516 xcos(Q ) _g) — 0,264 xsin(Q), _g) + 0,602xcos(Qy, _g) +0,9279)

The calculation of the inverse of this function in order to obtain the function of Qg

depending on the distance is solved numerically with a polynomial function of fifth
degree which follows the original function with amaximal error of 0,6°. The determined
function for Qg is the following:

Qm-g = —0,002 xD5+ 0,0676 xD*—0,8896 xD? + 5,6392 xD 2 — 22,144 xD + 100,48

With (D = (Dycys—84) @18 + 1) and the variable Dyc_y 5 being the distance between the
points Py_c and Py,_g.

Asasecond step it is necessary to determine the position of the resulting endpoint of the
finger in order to determine the exact value for the angles Q ;.9 and Q y;.1o- It ispossible
to calculate the approximate X-value of the endpoint with the forward kinematics using
the calculated angle Q.5 (Q pm-g hasamaximal error of 0,6°).

The Y-value is a constant value of O due to the fact that the angle Q y;.7 is set to 0° and
therefore the endpoint of the middle finger moves in afixed plane. The Z-value then is
calculated with the Euclidean-distance of the points Pr.¢ to Py,.s which was the basis for
calculating the angle Q y;_g:

X = 134,48 xcos(Qy)° — 24,2 xc0s (Q,5) + 112 xcos (Qy5)* — 56
Y=0

Z= \/DTC-Msz -x?

Once determined the articulation Q ;. and the endpoint of the finger it is possible to
solve theinverse kinematics for Q ;.9 and Q ;.19 Of the middle finger.

The direct kinematics of center of the sphere of the middle finger is calculated using the
following matrices:

4 4_ 5 6. 7. .8  _9 10

T = TuX TuX T,X T,X T.,%X T,X

11" 5" e 7" 8" 9" 10" 12"

The matrix 141TM_ges contains two types of information. The first is the 3x3 matrix which

describes the orientation of the center of the sphere and the 3x1 matrix which describes
its position with the coordinates X, Y and Z. The previously calculated position of the
center of the sphere is calculated in reference to the hand. Therefore the angles Q_4,

QH-5 QH-6» Qm-7 @Nd Q .11 Can be set to cero.

-15-



The four fingered Hand

The X and Z position of the center of the sphere of the middle finger then is determined
with the forward kinematics:

X= 3362 xs!n(Q m-8) XC_OS(QM-9) XQOS(QM-lo) + 33,62 xcos( Q) XSin(Qg) * (_:OS(QM-lo) -
33,62 xsi N(Qw-g) XsiN(Qu.o) XSIN(Q.10) + 33,62 %c0S(Quws) ><CO§(QM_9) xsin(Qu.10) +
56 xsin(Qy.) Xc0S(Qyg) + 56 xC0S(Qyy.5) XSIN(Qy9) + 76,66 xsiN(Qy5) + 9,5

Y= 0

z= =33,62xsin(Qus) *sN(Qu.9) Xc0S(Qwu-10) *+ 33,62 xc0S( Qu.g) XCOS(Qu-9) XCOS(Qm-10) —

33,62 x€0s(Qy.5) X SIN(Qyg) XSIN(Qp.10) — 33,62 xsiN(Q) .5 XCOS(Q.g) XSIN(Qy.10) +
56 xcos(Qu.-g) XcoS(Qu-g) + 56 xsin(Qu.g) XSiN(Qusg) + 76,66 xcos(Qu.g) + 276,55

In the following the two basic trigonometric transformations are used:

sin(x; £x,) = sin(x;) 3 cos(X,) £ cos(x,) * sin(x,)
cos(x; £ x,) = cos(X,) > cos(X,) + sin(x,): sin(x,)

This leeds to the following simplification:

X= 33,62 :sin(Qu.s+Qumo+Qu.10) + 56 *SiN(Qu.g + Qu.o) + 76,66> sin(Qy.g) + 9,5
Z= 3362:cos(Qy.g+ Que t+ Quu10) + 56> c0S(Qyg +Qy.o) + 76,66 cos(Qyg) + 276,55

Solvi ng for (Sin(QM-S + Qoo + Qu-10) ) and (COS(QM»S +Qumo* QM-lO))1 reSpeCtivelyi

X =567 8in(Qusg + Quo) — 76,66 > sin(Qug) —9,5

sin(Qu.g+ Qum.o ¥ Qua0) = 33.62
Z—56:cos(Qys + Quo) — 76,66 cos(Q,,.s) — 276,55
€os(Qums+ Qum-9+ Qma0) = = - 933,62 —
. _sin(x) .
Applying the fact that tan(x) = o500 -

+ + _ X =56 s8in(Qu.s + Qu.0) — 76,66 > Sin(Qus) —9,5
@ (Qus* Quot Qui) = 756 %c05(Ong + Oms) — 76,66 XC0S(On.g) — 276,55

The angle Q ;.10 Of the middle finger can then be cal cul ated:

_ g (X =56 xsin(Qu.g + Qu.g) — 76,66 xsin(Qus) —95) ¢ _ _
Quio = atané(z —56 xC0S(Qy 5 + Qu) — 76,66 xC0S(Q,, 5) — 276,55)2 Qu-s = Qus

The angle Q ;.10 can be solved provided that the angle Q ;.9 isknown. The angle Qg
will be determined in the following subsection.
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For the solution of the angle Q¢ of the middle finger the trigonometric relation is used:

cos(x)2 + sin(x)2 1
therefore:  cos(Qug + Quo + Quito)’ + SN (Qug + Quo+ Quao)” = 1

Using the previously obtained relation for cos(Qy.s + Qu.e + Qu.1) &N sin(Qus + Quio + Quito) -

X~ 56 X5N(Qug + Qui-g) ~ 76,66 XSn(Qu.g) 9552 , oZ ~56 xCOS(Qu .5+ Qo) ~ 76,66XC0S(Qug) ~ 276555 _
& 33,62 o "¢ 33,62 o

This ecuation does not contain the angle Q ;.10 and the angle Q,_g isaready predeter-
mined. Solving this Ecuation leeds to the following result:

81 = 2x9,5x56 + 2 x56 x76,66 xsin(Q)_g) — 2 X566 xX

85 = 2x276,55 x56 + 2 X56 x76,66 xc0s(Qy.g) — 2 X56 xZ

a= Ja+a
k = 2%+ X% =2 x276,55 — 2 x9,5 xX — 2 x76,66 X(Z xC0S(Q g + X xc0os(Quy.5))

2 X76,66 x276,55 x coS(Qy_g) + 2 X76,66 X9,5 xsin (Qyy.g ) + 84452,6037

i
| _asin®-0_ - 0
i p—asing=— Qus atanégifzj if al® Oand @23 0
|
Qumo = : —p—asinae—l—(é—Q — atan@20 if al® Oand a2 <0
1 é ag M-8 églﬂ
:
T sn@kKo_ o  _ pandD :
% asng— s Qus atanéa_Ll‘a ifal< 0

With the obtained valuesit is possible to calculate the angles Q ., and Q g Which are
located in the base of the hand. In Fig.7 a surrounding box for the middle finger is
defined. The point P, indicates the point P+_c and the point P, indicates the center of the
sphere of the middle finger. The values X, Y g and Z determine the distance of the cen-

ter of the sphere to the point Py_c.
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X: ;
P, P,
1 [P, P,
* Dyg
z |
+z
)]
P | Py . {”“‘
X X
1 | P,

Figure7. Schematicsfor determinatino of angles Q 4.4 and Q 6.

In general the vector that points from P, to P, isthe following:

Xe
P4 = _YF
ZF

With the representation of Denavit-Hartenberg it is possible to define the following
matrices:

[ c0S(Qu-4) O Sin(Qy_s) O]

Rotation in Z: M,=| O 1 0 0
—sin(Qy_,) 0 cos(Qy_,) 0
0 0 0 1]

[c0s(Qy_s) —SiN(Qy_s) 0 )

Rotationin Y: My = |SiN(Qus) €OS(Qy_¢) 00
0 0 10
0 0 01
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Adding the fourth dimension to the vector P, it is possible to rotate it around the Z-axis
and around the Y -axis:

Xg %€0S(Qus) XCOS(Qus) + Y XSIN(Qpp) + Zr XCOS(Qpis) XSiN(Qhis)
My XM, xP, = X xsin(Qyy.¢) x€0os(Qys) — Y g x€0S(Qyy6) + Ze XsiN(Qyp6) XSIN(Qyy5)
—Xg X8iN(Qps) + Zg xcos(Qps)
0

For simplification the following trigonometric rules are applied:

1. Conversionto Cos. a;:sin(x) +a > cos(x) = ascos(x+]j)

with a= Ja,+a and j = atangz—lg
2

2. Conversionto Sin:  a,: sin(x) + a, > cos(x)

with a= Ja+a and j = atang‘-ag!a
2

assin(x+j)

Theresult for Q .5 then isthe following with Py,.g(z) and Pr_z) being the valuesin z-
direction of these points.

Qus = aCOS(i;wM'S(Z) - PT-C(Z)E _ atanaé( FO

S =il €7 9
e 12'2:4_ X;z: ] Ze

Theresult for Qg thenisthe following:

= nd iéPM-S(X) —Prc(X)) XY ¢+ (Py.s(y) = Prc(y)) *mg
Que = asing v pe

with |m = (Xg xc0os(Qus) + Z¢ XSin(QH»s))|

For the hand of the |OC the constant value Y ¢ is equal to 30,0122 which is the displace-
ment of the point Pr_¢ with respect to the base of the finger in y-direction.
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415 Inversekinematics of thumb

The thumb consists of the two articulations Q .9 and Q.19 and the two articulations
Q.7 and Q 1_g form the connection to the palm in the point Pr_¢. In this subsection the
angle Q t_g will be calculated without taking in account that the thumb is connected with
the palm and in the following subsections the angle Q t.g and Q.7 will be calculated
with respect to the orientation of the palm.

The three angles Qt.g, Q1.9 and Q1.1o can be found in one plane and therefore permit
infinite solutions. In order to be able to solve this problem the angle Qt_g needs to be

predetermined, similar to the middle finger. Therefore the same method applied for the
middle finger is used for the thumb as well.

The calculation of the euclidean distance between the points Pr.c and Py._g, substituting
Q1.9 and Q .1 for Q g, resultsin the following equation:

D2crs = [156,68 xcoS(Qrg )’ — 40,85 xcos(Qr.g) + 132 xcos(Qrg)° — 66]°
0,0001 xsin (Q+.5)° X(15668 xC0S(Q1g)> + 3749 + 13200 xC0S(Q-.5)°)

The calculation of the inverse of this function in order to obtain the function of Qt_g

depending on the distance is solved numerically with a polynomial function of fifth
degree. The determined function for Q 1_g is the following:

Q;_s = —0,018xD5 + 0,341 xD*—2,4576 xD*+ 8, 075 xD? — 20,181 xD + 104.18

With (D = (Drcrs—84) 118+ 1 ) and the variable Dyc_tg being the distance between the
points Py_c and Py_s

Asasecond step it is necessary to determine the position of the resulting endpoint of the
finger in order to determine the exact value for the angles Q +_gand Q 1_1¢. It is possible

to calculate the approximate X-value of the endpoint with the forward kinematics using
the calculated angle Q..

X = 156,68 xcos(Q;4)° — 40,85 xcos(Q;4) + 132 xcos(Q14)’— 66
Y=0

Z = JDrers = X?

Once determined the articulation Q 1.g and the endpoint of the finger it is possible to
solve theinverse kinematics for Q t.g and Q.1 of the thumb.
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The direct kinematics of center of the sphere of the thumb from the with respect to the
point Pr_¢ is calculated using the following matrices:

10_[_T

8TT-ges = 8TT X 9TTX
9 10 11

11

As already applied for the middle finger the information taken into account is the posi-
tion rather than the orientation that can be calculated. This information can be found in
the 3x1 matrix describing the coordinates X, Y and Z.

The X and Z position of the center of the sphere of the thumb then is determined with the
forward kinematics:
X= 39,17 xcos(Q+.g) *€0S(Q1.9) X€COS(Qr.10) + 39,17 Xsin(Qq5) XsiN(Qr.g) XCOS(Qr.49) —
39,17 xcos(Qr.g) X sin(Qrg) xsi n_(QT-lO) -39,17 xsin(Qr.g) *c0S(Qr.g) *siN(Qr.10) +
66 xcos(Qr.g) xcos(Qr.9) — 66 xsin(Qr.g) XsiN(Qr.9) + 76,66 xcos(Qrs)

Y= 0

Z= 39,17 xsin(Qr.g) *c0s(Qr.o) XCQS(QT-lo) +39,17 XC_OS(QT-S) x S_in(QT-Q) XQOS(QT-lo) -
39,17 %c0s(Qrg) *COS(Qr) XsiN(Qryp) —39,17 xsin(Q+g) xsiN(Qr.g) xsiN(Qrp) +
66 xsin (Qrg) xc0os(Qr.9) + 66 xcoS(Qrg) XsiN(Qrg) + 76,66 XN (Qrs)

In the following, the two basic trigonometric transformations are used:

sin(x; £x,) = sin(x;) 3 cos(X,) £ cos(x,) * sin(xy)
COS(X; £X,) = €0S(X;) 3 COS(X,) + Sin(x,): sin(x,)

This leeds to the following simplification:

X = 39,17> cos(Qrs + Qro+ Qr.10) + 66> c0S(Qrg + Qr.g) +76,66> coS(Qrs)

Z= 39,173 sin(Qqg + Qg + Qqyg) +66: 8iN(Qrg + Qr ) + 76,66 sin(Qyg)
Solving for ( sin(Qr.s+ Qs + Qr.10) ) @Nd ( cos(Qr.s + Qre + Qr10) ), respectively:

X =66 xcos(Qr.g + Qr.g) — 76,66 xc0S( Qr.g)

Cos(Qrg+ Qg+ Qryp) = 3917
Z—-66:siN(Q.4+Q:,)—76,66:sin(Q.
Sin(Qrs+ Qro + Qra) = (Qrs :?ng; (Qrs)
Applying the fact that tan(x) = S22

Z-66>sin(Qrg *+Qro) — 76,66 sin(Qry)
tan(Qrg + Qro* Qrao) = X =66 xcos(Qrg + Qr.0) — 76,66 xCos(Qr.g)
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The angle Q 1.1 of the thumb then can be calcul ated:

a(Z—66xsin(Qr5+Qrg) — 76,66 xsin(Qr.9) 6

10 = dang
Qro (X =66 xCOS(Qrs + Qr.5) — 76,66 XCOS(Qr5))?

- QT-S - QT-Q

The angle Q1.1 Ccan be solved provided that the angle Q 1.9 is known. The angle Q t_g
will be determined in the following subsection.

For the solution of the angle Q_g of the thumb the trigonometric relation is used:

cos(x)2+ sin(x)2 =1
therefore: cos(Qr.gt Qg+ QT-lo)2 +8n(Qrg+ Qg+ QT-lo)2 =1

Using the previously obtained relation for cos(Q; 4+ Qre+Qry0) N0 Sn(Q; g+ Qg +Qryy -

X —66 xcos(Qr.g + Q1) — 76,66 xcos(QT_8)62+ & — 66 xsin(Qr.g + Q1.9) — 76,66 xsin(Qr.g) 42
e 2]

=1
39,17 2 39,17 2

This ecuation does not contain the angle Q 1.9 and the angle Q 1_g is already predeter-
mined. Solving this Ecuation leeds to the following result:

a; = 2 %66 x76,66 xsin(Qy,g) —2 x66 xZ

g, = 2x66 x76,66 xcos(Q,, g) - 2 X66 xX

a= ,/af + ai
k = —2°— X% +2x76,66 x(X xc0s(Qyg) +Z xsin(Qyyg) ) — 8698,4667

i

T Y- G _ a0 ; 3 3

::: p asnéég Qs aIanégllfzj if al3 Qanda23 0
Qro = | —p—asin®K6_q_, _ atand®0 if al3 Oand a2 <0

i eag '8 €39

i

I ain®O_ . aone0 i

% asméglfa Qs atanéalfa ifal<0
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41.6 Determination of the orientation of thumb

The determination of the configuration of the hand so far calculates the middle finger
with the palm and independently of its orientation the thumb. The only connection
between the two partsis the point P;_¢. It is necessary to determine the orientation of the

thumb in relation to the palm in order to decide whether the found configuration is a
good configuration and also to decide whether it is a possible configuration with respect
to the range of the two articulations Q .7 and Q._g.

Calculation of theangle Q_;:
The angle Q 1.7 is determined by two planes:

» Thefirst planeisformed by the vector that points from the point Pr_c to the point Py_g
with Q 17 t0 Q.44 Set to zero (which isthe zero-configuration of the thumb) and by
the vector that points from the point Py_¢ to the point Pr.g with Q +_,t0 Q 1_11 Set to
zero, except Q1.g Set to 90°. With the two vectors the normal vector of the plane can
be determined.

» The second plane is formed by the vector that points from the point Pr_c to the point
Pr.s with Q 1.7 t0 Q 1.1 Set to zero and by the vector that points from the point Pr_c
to the point Py_g using the values calculated for the configuration of the thumb (see
Subsection-4.1.1).

The calculation of the angle Q 1.7 then is the angle between the normal vectors of the two
planes. Depending if the point Py_g islocated on the left or the right handside of the first
plane, the resulting angle Q.7 will have negative or positive sign. This problem can be
solved by calculating the distance (see Subsection-6.3.4) of the point Py_g from the first

plane without using the absolute values. If the sign of the result is positive, the sign of the
angle Q 1.7 hasto be inverted.

Calculation of theangle Q_g:

The angle Q 1_g is determined by the angle between the following two vectors: The first
vector is the vector that points from Pr_¢ to Pr_g, the second vector points from Py_ to
the point Pr_gwith Q1.7 to Q.14 Set to the calculated values, except Q 1.g which is set

to 0°. The applied method uses the following two distances to determine the angle
between these two vectors:

» Thefirst is the distance between Py and Pr_g. Thisisthe distance from the point Py_
s to therotating axis of the angle Q_g.
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» The second distance is defined by the distance of the point P1_g from the plane that is
formed by the following two vectors: The vector that is pointing in the direction of the
rotating axis of the angle Qg and the vector that points from Py_ to the point Py_g
with Q 1.7 t0 Q.17 Set to the calculated values, except Q1.g which is set to 0°.

The angle Qg then is calculated by calculating the arcsine of the quotient of the two

distances. Since the calculated distances never have a negative sign it is unavoidable to
check whether the angle has to be inverted.

4.1.7 Determination of fingertips of middle finger and thumb

With the determination of the position and the orientation of the palm, the middle finger
and the thumb together it is possible to calculate the two remaining articulations of each
finger which describe the sphere in the fingertips (Q1.11, Q1-12 QMm-11» QMm-12- The
determination for the middle finger and the thumb is basically the same, therefore in the
following subsections the angle Q gjger-11 1S Used to specify the angles Q.11 and Q .
11, furthermore the angle Q gjger-12 IS Used to specify the angles Q 1.1, and Q .12

For the calculation of the angles Qinger-11+ Q Finger-12 It IS Necessary to obtain the orien-

tation of the last two falanges of the corresponding finger and relate its position to the
position and the orientation of the contact point with the object.

Calculation of the angle Qgjnger-11
For the determination of the angle Q gipger-11 it is Necessary to define the plane that is

formed by the two vectors that form the last two falanges of the finger. With the distance
of the contact point of the object to this defined plane and the distance to the the Vector

that is the axis of rotation of the angle Qpjnger-11 the angle can be calculated. The angle
QFinger-11 then isthe arc-sine of the quotient of the two distances.

The distances are defined as positive values and the arc-sine returns val ues between -90°
and +90°, therefore it is unavoidable to check whether the resulting angle is in the range
+90° to +270°.

Calculation of the angle Qgjpger-12:
For the determination of the angle Q gipger-12 it IS Necessary to define two planes. First
the plane that is formed by the two vectors that form the last two falanges of the finger.

With the cross-product of these two vectors the normal vector of the plane can be
obtained.

The second plane then is formed by this normal vector and the distance of the contact
point of the object to this defined plane and the distance to the the Vector that is the axis
of rotation of the angle Qjnger-11 the angle can be calculated. The angle Q ginger-11 then

isthe arc-sine of the quotient of the two distances.
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The distances are defined as positive values and the arc-sine returns val ues between -90°
and +90°, therefore it is unavoidable to check whether the resulting angle is in the range
+90° to +270° and in that case correct the angles.

418 Position of the hand-base

The calculation of the position of the palm and the middle finger permits to determine
the location of the base of the hand. With thisinformation it will be possible to calculate
the position of the base of the index finger and the ring finger.

The relative position of the point Pr_c within the hand is static (see Subsection-4.1.2)
and also the absolute position of Pt_¢ in the workspace is known (see Subsection-4.1.3).
With the angles Q4 and Q 5 (see Subsection-4.1.4) then it is possible to determine the
position of the hand-base.

&5 6 0
Pu_s = Pr_ctg¢ 4T x 5T X(—Pr_c)*
e %]

First the hand is positioned in the world-reference with Q , = 0 and Qg = 0. The vector
pointing from Pr_¢ to the world-reference will then be rotated with the transformation
matrices for Q 5 and for Q 4. Adding Pr_¢ resultsin the linear transformation of the hand,
theresult Py_g then gives the position of the hand-base in the workspace.

4.1.9 Index finger and ring finger

With the determination of the middle finger, the paim and the thumb it is possible to cal-
culate the configuration of the index finger and the ring finger. The position of the base
of the last two fingers is calculated with their forward cinematic and in Subsection-4.1.1
the center of the spheres are determined.

4.1.9.1 Determination of articulations of falanges of index and ring finger

Once the configuration of the middle finger and the thumb are determined the angles
Q.s» Q9 and Q1o for the articulations of the index finger and the ring finger can be
determined in a similar way as aready described in Subsection-4.1.4 where the middle

finger is positioned with the difference that the distance of interest the distance between
the center of sphere to the base of the corresponding finger is.
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4.1.9.2 Determination of fingertips of index finger and ring finger

Theangles (Q.11, Q.12 Qr.11, QRr-12) Of the articulations of the index finger and the

ring finger are determined in the same way as already explained for the middle finger
and the thumb in Subsection-4.1.7.

4.1.10 Calculation of the quality of the arrangement

The calculation of the overall quality of the arrangement (Qualitya rrangement) IS divided
into three parts. The first part(Qualityy,,q) 1S the quality of the hand only considering
the articulations of the fingers without the fingertip. The second part (Quality;,gertips) 1S
the quality of the articulations in the fingertips and the third part (Qualityopject-height) 1S
determined by both the height that the actual configuration of the hand would permit an

object to occupy and the desired height. The overall quality-function is calculated as fol-
lows:

Qual ityArrantgement = Qual ityHalnd xQuaI ityFingertips xQuaI ityobject—height

In al of the individual quality-functions an exponential part can be found that ensures
that the search converges towards a possible configuration which permits the desired
height.

4.1.10.1 Quality of the articulations of the hand (without fingertips)

In order to be able to decide whether the configuration of the hand is suitable and also to
alow an improvement, starting from the initial position for Pt_ found with the heuristic
method (see Subsection-4.1.3), it is necessary to apply atarget function which returns the
quality of the configuration. The target function proposed in thiswork favors solutionsin
which the angles of the articulations remain close to the middle of their range and penal-
izes angles which are out of their range and therefore would result in an impossible con-
figuration of the hand.

First of al aquality is calculated for each of the articulations depending on itsrange. The
quality-function returns a value between 0 and 1.

N /,,/ N

! l
AL } L
Ange

Guadity
1.0 9

oo -+

Fange

Figure 8. Quality-function for the articulations of the hand.
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Fig.8 shows that the quality-function is divided into two parts. The linear part is applied
for angles that can be found within their range, returning values between 0.5 and 1. The
non-linear part is applied for angles which are out of their range, the function converges
exponentially towards zero. The reason for using this exponetially decreasing function is
to ensure that the search is to penalize angles that are out of range and to permit the
search algorithm to converge towards a possible solution.

The equation for the quality-function applied for the articulations is the following:

T 05+ Q - QMid-Range

: 1-— Q_QMid»Range if QT Range
_I_ QSum-Range
. |
Qualitypana = |
i 05 if QT Range
|
7

QS.Jm- Range

with Q the angle of the articulation, Q4. the value in the middle of the range and
Qaumrange the maximal value minus the lower value of the range.

The exponential part of the quality-function ensures that the search applied later on to the
point Pr_c, in order to improve the configuration, results in a possible configuration of
the hand.

4.1.10.2 Quality of the articulations of the fingertips

The quality of the articulations of the fingertips can be calculated in the same way as for
the rest of the articulations, but because alittle change in the articulations of the fingers
could result in avery big change of the articulations of the fingertips, the quality function
was modified slightly. Instead of the linear function for angles within the range, its
square is used which result in a configuration of the hand that has the last falange in a
more orthogonal configuration with respect to the surface of the object.

4.1.10.3 Quality of the height of the object

Without the search that will be applied it would be sufficient to use a binary variable
indicating that the configuration of the hand permits the desired height of the object or
not. Due to the search it is necessary to apply a quality-function for the height which has
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thevalue 1 if the desired height can be reached and is exponentially decreasing towards 0
if not. Fig.9 shows the quality-function for the height.

Quality
1.0 4

05

0p J— Higtl of
L | Object

Desired
Helght

Figure 9. Quality-function for the height that the
configuration of the hand permits an object to
occupy.

The function then is the following:
1 if QT Range

QualitYyeigni of abject = 0.5

Q - QMid-Range

Sum-Range

if QI Range
05 +

— e N —

The rapidly increasing part of the function ensures that the search converges towards a
solution that permits at least the desired height.

4.1.11 Search for improvement of the configuration

Once found the initial configuration of the hand, it must be ensured that the fingers are
able to reach their final destination and make contact with the object. The used heuristic
method (explained in Subsection-4.1.3) does not necessarily result in a possible configu-
ration because of the range of the angles. Specially the angle Q,; usually is out of its

range for thisinitial configuration, this results from the fact that itsrange is very small.

Therefore it is necessary to apply a guided search that compares the found solution with
the surrounding solutions in order to improve the position of the point B and its
resulting configuration. The search finally will find a configuration that is really applica-
ble and does allow the hand to grasp the object with its desired height and width.

The search is done using the quality-functions explained in Subsection-4.1.10 with the
objectiveto find a configuration of the hand that resultsin angles of the articulations that
stay close to the middle of their range.
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The search compares the quality of the initial configuration of the hand placed in the ini-
tial position of Pr_c with solutions found by displacing the point Ry around its initial
position. The best solution is selected serves as a new starting point of the search. Thisis
incremental search is performed until the best solution is found. In order to decrease the
calculation time the search uses two different increments. The bigger value ensures that
the search converges rapidly towards the final position of Pr_- and only searches in the
X- and Z-direction, where the smaller value is used for the precise search in al of the
three directions.

The search with the fine increments results in the best global solution, taking in account
that it is asolution found with discrete steps. In the case that the final solution would not
be precise enough and would need improvement, it can be imagined to use a Newton-
Iteration in order to find a solution with more precision within the final two increments.

4.1.12 Output filein VRML-format

The simulation written in C"™* stores the result for the obtained configuration of the hand
into a file using the language VRML. The utilized objects are basic shapes that can be
programed with VRML, like spheres, cylinders, cubes and polygons (defined by a num-
ber of points). Using the two basic methods “trandate” and “rotate” it is possible to con-
struct the hand consisting of the palm and the four fingers, each finger consisting of three
phalanges.

The found solution for the hand then determines the value of rotation of the individual
articulations of the fingers and the final position of the wrist determines the transl ation of
the hand. The found solution then shows the hand grasping the object that is defined by
its width and height.

Figure 10. Visualisation of simulation-results with VRML.
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The simulation written in C'* is used to calculate the solutions for the possible range of

width and height of the object to be grasped. For the width as well as for the height a
range of 0 mm to 200 mm was choosen with increments of 1 mm. This leads to a total of

40000 calculations. The obtained results show the possible range objects that the hand

can grasp using the proposed method. In this section the necessary qualities are presented

which indicate the quality of the respective configurations.

5.1 Desired height of object

The inputs used in the ssimulation are the width and the height of the parallelepiped. In
principle position of the object also can be changed which will result in athe same config-
uration of the hand, shifted by the same vector of displacement as the object.

Height

150

100

0 Desired Height

Figure 11. Possible height of object. (1) No possible solution found.
(2) The Configuration fulfillsthe desired height. (3) Thefound
configuration permits a bigger height for the object.




Results

The graph in Fig.11 shows the result of the simulation with respect to the possible height
and width of an object to be grasped. The results can be divided into three parts: The
first part (1) where no possible configuration is found for the desired values. In other
words the object to be grasped is too big. The second part (2) indicates the solutions
which fulfill the desired grasp of the object. A plane with an angle of 45° is formed due
to the fact that for a desired height the obtained height has the same value. In this part the
applied search was dominated by fulfilling the desired height. Finally the third part (3)
displays the solutions that result in a possible configuration of the hand but would permit
a bigger height for the object. It can be seen that in this part the heigth maintains con-
stant for input values that have the same desired width for the object. This resultsin the
fact that a configuration is found that is best for a certain width.

The same three parts can be observed in the graph showing the quality of the respective
configurations (see Fig.12).

Quality of
configuration

0,08
0,06
0,04

Desired Height

200 200

Figure 12. Quality of the configuration of the hand. (1) No possible solution found.
(2) The search isdominated by fulfillsthe desired height. (3) The search
finding an optimum configuration for the hand, dominated by the
desired width of the object.

Thefirst part (1) shows that no solution is found for the desired objects. The second part
(2) is dominated by fulfilling the desired height of the object and the quality of the con-
figuration decreases rapidly while the hand approaches more unusual configurations.
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Results

As aready explained, the third part (3) shows that the configuration for a desired width
of the object does not result in a change of the configuration of the hand and permits the
object to intrude more into the hand without any further change.

The values for the quality of the configuration, which indicates its quality, do not reach
the value “1”, even though the quality of an individual articulation can have the value
“1". This can be explained by the fact that the quality is calculated considering both the
articulations of the hand and the angles that are found in the virtual articulatins consid-
ered in the sphere of the fingertips depending on the orientation of the surface of the
object.
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PART 6

Appendix

6.1 Tables of the Representation of Denavit-Hartenberg

i a_, a_1 /mm d; /mm Range Offset of Q
4 Qe 0 0 0°...360°
5 -00° 0 0 0°...360°
6 Qe 0 343 -44,56°
7 14,11° 7,56 -203,32 33,44°...57,44°
8 Qe 0 0 0°...90°
9 o° 76,66 0 0°...90° (100°)
10 o° 66 0 0°...90° (100°)
11 (0 39,17 0 200...135°
12 -90° 0 0 -45°,..45°
13 o° 20 0 o
Table 3. Representation of “ Denavit-Hartenberg” for thumb.
i a_, g_1 /mm d; /mm Range Offset of Q
4 Qe 0 0 0°...360°
5 -00° 0 0 0°...360°
6 Qe 0 276,55 -180°...360° +90°
7 90° 67 9,5 78°...102°
8 Qe 0 0 0°...90°
9 o° 76,66 0 0°...90° (100°)
10 o° 66 0 0°...90° (100°)
11 (0 33,62 0 200...135°
12 -90° 0 0 -45°,..45°
13 o° 20 0 o

Table 4. Representation of “ Denavit-Hartenberg

" for index finger.
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i aj_q 8.1 /mm d; /mm Range Offset of Q
4 90° 0 0 0°...360°
5 -90° 0 0 0°...360°
6 90° 0 276,55 -180°...360° +90°
7 90° 0 9,5 78°...102°
8 9Q° 0 0 0°...90°
9 0y 76,66 0 0°...90° (100°)
10 (0 66 0 0°...90° (100°)
11 (0 33,62 0 200...135°
12 -90° 0 0 -45°,..45°
13 (0 20 0 o°
Table 5. Representation of “ Denavit-Hartenberg” for middlefinger.
i a_, a_q/mm d; /mm Range Offset of Q
4 90° 0 0 0°...360°
5 -90° 0 0 0°...360°
6 90° 0 276,55 -180°...360° +90°
7 90° -67 9,5 78°...102°
8 90° 0 0 0°...90°
9 0y 76,66 0 0°...90° (100°)
10 (0 66 0 0°...90° (100°)
11 (0 33,62 0 200...135°
12 -90° 0 0 -45°,..45°
13 (0 20 0 o°

Table 6. Representation of “ Denavit-Hartenberg

" for ring finger.
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6.2 Schematic of hand

World-
Refarance

Figure 13. Schematic of mechanical hand showing the coordinate systems for the
representation of Denavit-Hartenberg for the middle finger.
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Figure 14. Schematic of mechanical hand showing the coordinate systems for the
representation of Denavit-Hartenberg for the Thumb (with Q g set to 90°).
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6.3 Mathematical basisof Vector Analysis
6.3.1 Scalar product

The scalar product of two vectors & and b is defined as follows:

&, 0 &, O

L Ei g

b = fa X b, T = abytaby+ab,
LR LY

Two vectors are perpendicular if their scalar product is equal a zero.
6.3.2 Crossproduct

The cross product of two vectors 4 and b is defined as follows:

2. 0 e, 0 e 0

N gax: gbx: gaybz_azby:
¢=a'b=ga " &b I=gab-apb,’
gazﬂ gbzﬂ gaxby_aybxﬂ
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The vector & is perpendicular to & and b. The orientation of a plane which is defined by

two vectors 4 and b also can be defined by its normal vector & which can be calculated
with the cross product of the two vectors.

6.3.3 Distance Point-Vector

A straight line is defined by a vector 4 indicating its direction and a vector ; pointing
from the origin towards a point on the line. The distance d then is the distance between

the straight line and a point Q with its corresponding origin-vector fq:

i - EX (?Q—F1)| 1\ _.,,,".,,,.«-'

I T
/ .'-'- ‘<

l:_'u‘
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6.3.4 Distance Point-Plane

A plane is defined by its normal vector # and a vector #, pointing from the origin
towards a point in the plane. The distance d then is the distance between the plane and a

point Q with its corresponding origin-vector tq:

B | £ 2 f
d = m| ,-"l.l -'J\n.l,-"'l-q!ll.: :'- .-"'
Al forsf o e
r'. | I'. f
II_,-'III'III i L: | i n'_', -'; P % l,.-'llIIIII

6.3.5 AngleVector-Vector

Theangle between two vectors & and b is defined by the following equation:

j = acosge’g11 pzk \ \/
e

% oo %

Theangel | also existsin the case that the two vectors do not intersect in the space.
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6.3.6 Angleand Intersection Vector-Plane

The angle | between a straight line (with & and #,) and a plane (with # and ;) is
defined by the following equation:

The vector to the point of intersection #s of a straight line (with 4 and #,) and a plane

(with & and %) is defined by the following equation:

bo = By f ><(?O_?l)a

A x4

Condition: The plane and the straight line only intersect if (ﬁ x3 1 0).
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Software

In terms of the utilized software, the analytical calculations were obtained from Maple
7.00, the schematics were drawn in CroelDRAW9.0, the simulation is programed in
Microsoft® VisualC** 6.0, the 3D-Illustration of the results was done in Microsoft® Excel

2000 and the document was written in Adobe® Framemaker® 6.0.
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