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Abstract

Anthropomorphic hands have received increasing research interest in the fields of robotics and prosthetics. But it is not yet clear how
to evaluate their anthropomorphism. Similarity in the kinematic chain is essential to achieve both functionality and cosmesis. A few
previous works have addressed the definition of anthropomorphism indexes, although they have some limitations in its definition. In this
study, three different anthropomorphism indexes have been defined to compare the kinematic chain of artificial hands with that of the
human hand. These indexes are based on the comparison of: (1) the parameters of the kinematic chain (dimensions, type of joints, ori-
entations and ranges of motion), (2) the reachable workspace, and (3) common grasping postures. Five artificial hands with different
degrees of anthropomorphism have been compared using the three Anthropomorphism Indexes of the Kinematic Chain (AIKC). The
results show a high correlation between the first and third AIKC for the hands compared. The second AIKC presents much lower values
than the other two, although they are higher for hands that combine abduction/adduction and flexion/extension movements in the kine-
matic chain of each finger. These indexes can be useful during the initial stage of designing artificial hands or evaluating their anthro-

pomorphism.
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1 Introduction

Research interest in anthropomorphic hands has
increased recently, fostered by the needs imposed by
humanoid robotics and human-robot cooperation''™
and also by hand prosthetics'™. The popularization of
additive manufacturing has also boosted the number
of low-cost proposals for prosthetic applications'™,
promoted by initiatives such as e-NABLE
(http://enablingthefuture.org/), the Open Hand Project!®
and Open Bionics!”!. However, according to several

8-11

studies’® ! the degree of functionality of the Human

Hand (HH) is far from being achieved even by expensive

. . 12
commercial prostheses, such as i-Limb!'>

, Or sophisti-
cated robotic hands such as Shadow Dexterous Hand"*.

At the same time, there are no methods to assess
this anthropomorphism and even an agreement on the
meaning of this concept is lacking. Anthropomorphism
can be understood as similarity to the HH in terms of
size, weight, shape, appearance, temperature, etc., i.e.
cosmesis'™), or as similarity in terms of functionality or

dexterity”®!. The Kinematic Chain (KC) of the Artificial

*Corresponding author: Immaculada Llop-Harillo
E-mail: illop@uji.es

Hand (AH) is of primary importance to achieve an-
thropomorphism in both senses: cosmesis and function-
ality. The whole KC of a hand is composed of as many
open KCs as there are fingers. The length of the finger
segments or links and the position and orientation of
their joints determine the postures that the hand can
adopt, or in robotic terminology, the reachable work-
space!'*l. The maximization of the degree of anthropo-
morphism of the KC of an AH during the design process
depends, primarily, on having adequate metrics or in-
dexes that allow its quantification.

Some previous works have attempted to quantify
hand anthropomorphism. In Ref. [15], a method for
calculating an Anthropomorphism Index (Al) was pro-
posed, based on weighting the qualitative evaluation of
three aspects of the AH in comparison to the HH: the KC,
the contact surfaces, and the dimensions. This method
was used, together with a potential dexterity index con-
sidering the control system and sensors, to compare
different anthropomorphic hands. The main limitation of
this approach is the dependence on qualitative assess-
ments. A similar approach was proposed in Ref. [16]
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based on the evaluation of twelve aspects related to
mechanics, rehabilitation and anatomy. The attainable
grasp gestures and the distribution of the rotation axes
were considered relevant aspects for anthropomorphism
in that study. Recently, the authors also defined an An-
thropomorphism Index of Mobility (AIM)!'"! based on
the topology of the whole hand, joints and Degrees of
Freedom (DoFs), and the possibility of controlling these
DoFs independently (number of actuators and type of
underactuation). The weighting factors to compute the
AIM depend on the relevance of the different groups of
DoFs of the hand according to a human grasp experi-
ment on the most important grasp types. The computa-
tion of AIM is straightforward and useful in the concept
design stage, but it does not consider some aspects like
the orientation of the joint axes, the range of motion of
the joints or the dimension of the phalanges. Feix et al.'®
proposed an Al based on comparing the space of posi-
tions and orientations attainable by the fingertips of the
AH and HH. Given the high number of parameters in-
volved in the comparison, they used dimensional reduc-
tion techniques to define the index. Despite pioneering
the methods for comparing KC among hands, it has the
limitation of considering only the fingertips to define the
workspace of the hand. In a similar approach, Liarokapis
et al'® included more points of the hand in the com-
parison and also the orientations of the finger base frame.
However, they used convex-hulls to compare the
workspaces and Euler angles to compare the orientations,
which can introduce some errors in the comparison, as
explained later in this paper.

The aim of the present study is to define and com-
pare new indexes to measure the anthropomorphism of
the KC of an AH, while attempting to solve some of the
limitations observed in Als defined in the literature. The
new indexes are intended to be quantitative and calcu-
lable from the basic information about the KC. They will
be defined to range from 0 (low anthropomorphism) to 1
(HH, or a perfect mimicry of it). The KC will be com-
pared here in terms of the length of the links and the
position, orientation, and mobility of the joints.

2 Kinematic chain description

2.1 Kinematic chain of the human hand
The KC of each digit of the HH (Fig. 1) is com-

posed of four segments, in proximal to distal order:
metacarpal (MC), Proximal Phalanx (PP), Medial Pha-
lanx (MP) and Distal Phalanx (DP), except for the thumb,
which lacks the MP. The MCs of the long fingers con-
stitute the palm of the hand and have scarce mobility
between them, although the carpometacarpal joints
(CMC) have increasing mobility from the index to the
little finger, thereby providing the palmar arching'*’.
The CMC joint of the thumb has the highest mobility,
with two rotational DoFs around two nearly perpen-
dicular axes, which enable the opposition of the thumb
to the long ﬁngers[zo’zl]. The metacarpophalangeal joints
(MCP) also have two rotational DoFs with nearly per-
pendicular axes: flexion/extension (F/E) in the sagittal
plane and abduction/adduction (Ab/Ad) in the frontal
plane™®®. Finally, the proximal interphalangeal joints
(PIP), the distal interphalangeal joints (DIP) of the long
fingers, and the interphalangeal joint (IP) of the thumb
have one DoF in the sagittal plane that enables their F/E.
Altogether, the KC of the hand exhibits 25 DoFs, five
per finger, or 23 DoFs if the mobility of the CMC joints
of the index and middle fingers is neglected, as in some
previous models®.

In this work, we assume a fixed position of the ro-
tational axes with respect to the bones. Moreover, the

® 1DoF

@® 2DoFs DIP

PIP

1P MCP

MCP

CMC

Fig. 1 Kinematic chain of the human hand. The abbreviations of
the joints and their DoF's are indicated.
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joints with two DoFs are considered as universal joints
(perpendicular axes that intersect), although according
to some studies, the axes of the joints with two DoFs are
neither exactly perpendicular to each other nor do they
intersect at the same point, with variations from one
person to another™!. These simplifications are common
for most biomechanical models of the hand®***! and
imply a small error in the reachable positions.

2.2 Definition of the kinematic chain

In order to define the KC of a hand, some simpli-
fications are considered: the links are rigid and their
transversal dimensions are neglected; joint mobility is
independent of the finger posture; and motion coupling
among joints imposed by the actuation systems is obvi-
ated. A Local Coordinate System (LCS) is associated
with each segment (bone in the case of the HH) and the
position and orientation of the joints are related to these
LCSs. In robotics, the Denavit-Hartenberg (DH) con-

vention'?!

is commonly used to define the KC of a serial
robot. It allows the KC to be defined with a minimum of
four parameters for each segment of the chain: two ro-
tations and two translations. However, the convention is
ambiguous if the precise way of locating the positive
direction of the axes is not defined and presents more
than one possible solution in the case of parallel axes.
Additionally, the use of this convention in the case of
consecutive joints with coplanar and almost parallel

rotation axes causes the location of the origin of each

{LCS14} :

LCS not to match the center of the real joints. For ex-
ample, in the HH, if we assume the flexion axis of the
wrist and the flexion axis of the CMC joint of the little
finger as two consecutive Z-axes of the serial chain, the
DH convention will locate the LCS of the latter far from
the metacarpal bone axis. In sum, although the DH
convention may define the chain with a minimum
number of parameters, it has the disadvantage that some
of them are not very intuitive from an anatomical or
topological point of view.

Therefore, in this study we propose to locate the
LCS for each segment of the KC in the center of the joint
with the previous segment. Fig. 2 shows the orientation
of the LCSs associated with the KC of the index finger
and thumb for a right hand. Specifically, those LCSs
were defined with the following criteria: Z-axis coinci-
dent with the F/E axis of the joint, and directed so that
flexion corresponds to a positive rotation around Z;
X-axis pointing in the palmar-dorsal direction, thus in-
dicating the Ab/Ad axis of the joint; and Y-axis defining
a right-handed trihedron, pointing towards the distal end
of the fingers. In this way, an LCS exhibits positive
Y-values with respect to another preceding (more
proximal) LCS. This criterion is similar to that proposed
by the International Society of Biomechanics™?”, with
the difference that X and Y axes have opposite directions.

The fixed LCS for all the digits is located at the
center of the wrist, see {LCS,} in Fig. 2. The Reference
Posture (RP) of the hand is defined as that, within the

{LCSo}

Fig. 2 Proposal for the location of the LCS;; in each significant point () of each digit (7) of the hand.
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range of mobility of the hand, corresponding to the
smallest possible absolute X coordinate (expressed in
{LCSy}) for the origin of every LCS. The KC of each
digit is defined by means of three displacements and
three rotations of each LCS with respect to its immediate
proximal in the chain in the RP. Specifically, the LCS of
segment j (1: MC, 2: PP, 3: MP, 4: DP, 5: Fingertip) of
digit i (1: thumb, 2: index, 3: middle, 4: ring, 5: little) is
defined with a six-element vector:

v, =[x, ¥, 2, HX’J Hyu 9%],
P=1,2,..5 /=1,2,...5,

(1)

where the first three elements of the vector correspond to
the translation of LCS;; with respect to LCS;;-; and the
last three correspond to the Euler angles necessary to
orient LCS; ;- as LCS;, with the order of rotations XZY.
For convenience, one additional LCS is associated to
each fingertip (j = 5); see Fig. 2. For digits with four
segments (such as the thumb of the HH), the MP is
considered inexistent, the LCS;3 corresponds to the DP
and the LCS; 4 corresponds to the fingertip.

The homogeneous transformation matrix between
two consecutive LCSs (j — 1 and j) in a digit i can be
easily obtained from Eq. (1) in the RP. For a different
posture (p), this transformation (Eq. (2)) will also be
affected by the angles rotated in the joint between the
two segments (f; F/E, a;; Ab/Ad):

R’ t .
T,-i’,-{ J 1} @
where

Ri{]j = Rx (ex” ) : Rz (gzi‘j ) ’ R_v (gym ) : Rx (aij) ' Rz (ﬁ,j )’ (3)

t,=lx, 5, 2,1, (4)

10 0

R (0)=|0 cos@ —sind
|0 sin€d cosd |
[ cos® 0 sind |

R (O)=| 0 1 0 | 5)
| —sind 0 cosd |
[cos@® —sind O]

R (0)=|sinf cosf O
| 0 0 1

The absolute position of the LCS;;, associated to
segment j of digit i, with respect to the fixed system
{LCSy} located on the wrist, is obtained by successive
multiplication of the transformation matrices of the
consecutive segments:

T, =T . T/, (6)

o_i,j ij

3 Anthropomorphism Index of the Kinematic
Chain (AIKC)

To define an AIKC it is necessary to compare the
KC of the AH with that of the HH. The features involved
in this comparison are the dimensions and the topology
of the KC. The latter includes not only the type of joints
and their orientation, but also their ranges of motion.
These features determine the postures that the hand can
achieve, and therefore influence its grasping ability and
manipulability. Different alternatives to define this index
are proposed below. In all of them the index is defined so
that it ranges from 0 (low anthropomorphism) to 1 (HH,
or a perfect mimicry of it).

3.1 AIKC;: based on the parameters of the kinematic
chain

A first strategy for comparing hands consists in
defining a vector of characteristic parameters of the
kinematic structure of the AH and comparing it with its
corresponding vector of the HH. For each segment of the
hand it is possible to define three characteristic vectors:
one with the information about the relative position of
the LCS of the segment with respect to its proximal
segment (defined by Eq. (4)); a second vector with the
orientation of the LCS with respect to its proximal
segment (defined by the three Euler angles from Eq. (1));
and a third vector defining the limits of the rotation an-
gles, B for F/E and a;; for Ab/Ad, that are allowed in the
joints around the RP. The overall difference between
these vectors in the human and the artificial models
could be considered an error in the achievement of an-
thropomorphism. This error can be used to define a
metric for the anthropomorphism of the KC.

The normalized error in the translation vectors
between the AH and HH in each segment can be defined
(Eq. (7)) as the Euclidean norm of the difference be-
tween the translation vector defined in Eq. (4) for the AH

A Springer



Llop-Harillo et al.: Anthropomorphism Indexes of the Kinematic Chain for Artificial Hands 505

and its corresponding one for the HH, ¢, , divided by a
reference value for the lengths, Li.r. Thé length of the
longest segment of the HH (MC bone of the index) has
been taken as the reference in this study. This error value
is limited to a maximum of 1.

e, =min(L|[z,; 2, [[/L). ()

% j

The error in the orientation of the LCS requires a
deeper analysis, as it is not correct to obtain it from the
Euclidean norm of the difference between vectors con-
taining Euler angles™™. According to Ref. [28], the use
of quaternions is the most correct and computationally
efficient method to compare 3D rotations. Any rotation
of a solid can be expressed as a rotation of angle 6
around a unit vector u,d + u,j + u.k, and it is possible to
express this rotation through the unit quaternion:

q=cos§+(uxi+uyj+uzk)sin§. (8)

A scalar product between two unit quaternions
measures the difference between the two orientations'>
and has the advantage of giving a result in the range 0 — 1,
where 1 corresponds to two significantly different ori-
entations and 0 corresponds to two identical orientations.
Therefore, the orientation error in each segment is de-

fined as:
e, =1=1q,;-q,, )

where ¢;; is the quaternion corresponding to the relative
orientation between the LCS;; and its preceding LCS; -,
in the analyzed hand, and ¢, is that of the HH. These
quaternions have been obtained from the rotation matrix
in the RP using the Matlab function rotm2quat. By de-
fault this function always selects the quaternion with the
positive scalar part between the two opposites that rep-
resent the same rotation.

Finally, the error in the mobility range of each joint
j for digit i is obtained by averaging the normalized
absolute value of the difference between the limit ranges
of the AH and HH:

+

| |rij_rh.| . |’?j_’}z i
e. =—[min(l,——)+ min(l,——)], (10
2[ ( 2 ) ( 72 )1, (10)

where r;; is the mobility range limit of joint j of digit i of
the AH and 7,  is that of the HH, and the two addends

correspond to the positive motion (flexion, abduction)
around the RP and the negative one (extension, adduc-
tion). In order to normalize the error to a value between 0
and 1, it is divided by n/2 as a characteristic angle of the
approximate maximum range of the hand flexion joints,
limiting the maximum value of the error to 1.

Using the translation, orientation and range error
values obtained with Eqs. (7), (9) and (10), the AIKC; of
a hand is defined as:

AIKC, =1-

5 1 n; 1 n; 1 m;
Zizlwi '[n_zjzlen,/ +;ijle% +;Zj:1e’u]/3’

i i i

(11)
where #; is the number of segments of digit i (4 for the
thumb, and 5 for the long fingers), m; is the number of
DoFs of digit i (5 for all the digits), and the coefficient w;
allows a different weighting of the error in each digit.
Specifically in this study, it is proposed to use w; = 0.5
for the thumb and w, = w3 = ws = ws = 0.125 for each
long finger, due to the predominant weight of the thumb
in manipulation®. In cases where an AH has fewer
fingers or segments than the HH, a value of 1 should be
assigned to the error associated with the missing seg-
ment in the preceding equations.

3.2 AIKC;: based on the workspace

The change in the length of the segments, the ori-
entations of the axes or the range of mobility of the joints
causes changes in the reachable workspace or, in other
words, in the postures that the hand can adopt. It is pos-
sible to base the comparison of the KC on this work-
space. Some previous works have used this strat-
egy[18’19’30], but with the limitations of including only the
position of the fingertips'® or considering the differ-
ences in orientation only in the MCP joints!'".

The space of the positions reached by a certain
point of the hand can be obtained by moving all the
DoFs of the KC of the fingers within their range of mo-
bility. One way to quantify this workspace is to use the
concepts of convex-hull®"! or alpha-shape™*. Both con-
cepts attempt to quantify the space covered by a point
cloud. To generate the alpha-shape, a spherical tool with
radius alpha is moved to try to penetrate the cloud of
points, which represents constraints on the movement
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of the tool. The space delimited by the points that im-
pede the pass of the tool is the alpha-shape. The con-
vex-hull is a particular case where the radius of the tool
is infinite.

It is possible to compare hands by comparing the
alpha-shape or convex-hull of the cloud of positions
reachable by the tip and the centers of the joints of the
digits. In this study, the use of the alpha-shape is pro-
posed, as the convex-hull may include interior regions or
other areas that do not strictly pertain to the reachable
workspace. Before obtaining the alpha-shape, it is nec-
essary to generate the space of reachable positions by
moving all the DoFs of each finger within their range of
mobility. In order to limit the magnitude of the problem
to a reasonable number of points, we decided to generate
random hand positions, moving each DoF simultane-
ously within its range of mobility. Through preliminary
analyses, we observed that n, = 10° random postures
covered the workspace reachable by the hand reasonably
well, the error obtained in the value of the AI being
lower than 0.1%.

For the computation of A/KC,, the following pro-
cedure was used:

(1) Computation of the 3D alpha-shapes of the
point cloud corresponding to the origin of each LCS; ;.

(2) Computation of #n;; as the number of points of
the workspace generated by each LCS;; of the HH that
also lay within the alpha-shape of its corresponding
LCS;; of the AH.

(3) Computation of an index for each digit i as the
average of the fraction n;;/n,, across all the LCSs of that
digit.

. 1 5
=5 zj:ln,.,j. (12)
P
(4) The AIKC, was obtained by weighting the index
of each digit with the same coefficients as in Eq. (11):

AIKC, =37 w i 13
2 i=1 i i

Matlab was used to compute A/KC, with the pre-
defined functions alphaShape, inShape. For the com-
putation of the alpha-shape for each LCS, the alpha
radius was selected using the Matlab function criti-
calAlpha, under the condition that the alpha-shape
should be defined with only one region.

3.3 AIKC;: based on the comparison of common
grasping postures

A third option proposed here to define anthropo-
morphism is based on comparing the positions and
orientations adopted by the LCSs of the AH and HH
when grasping a set of objects that are representative of
typical grasping postures employed during daily life. In
this study, we propose to obtain the position and orien-
tation of the LCSs by simulation using the kinematic
models.

Three objects are initially proposed: a cylinder, a
sphere and a prism, representative of cylindrical,
spherical, and extension grips. In order to simulate each
grasp, an optimization process was undertaken, with the
joint angles as variables, in order to minimize an objec-

tive function that was representative of the intended type
of grasp. Fig. 3 shows the KC of the HH in the optimized
grasping posture for each object.

Fig. 3 Grasping postures of the human hand on the three selected objects placed in the fixed {LCS,} of the wrist. The LCS associated with

each joint is shown: blue X-axis, red Y-axis, green Z-axis.
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The computation of 4IKCj is performed following
these steps:

(1) Simulation of the grasping postures with both
HH and AH on each of the k objects (k=1 to k=3 in this
study). This implies the minimization of an objective
function f; that is different for each object (see Supple-
mentary Materials), using the angles of F/E and Ab/Ad
of the joints, f; and a;;, as variables.

(2) Computation of the transformation matrices of
each LCS with respect to the fixed one ({LCSp} in the
wrist), in each grasping posture using Eq. (6).

(3) Computation of the Al for the posture corre-
sponding to each object £ using Eq. (14). This is similar
to Eq. (11), but here the translation and orientation errors
are computed from the transformations of each LCS
with respect to {LCS,} instead of its immediately
proximal LCS in the KC, and the error in the mobility
range does not apply, because one specific posture is
being compared.

1 n 1 n;
AIKCy =1~ Z;Wf '[;Z/":l € +;z./;1 €, 172,

(14)
(4) Computation of AIKC; as the average across
objects, namely:

1 <«

AIKC, =3, AIKC,. (15)

4 Evaluation of artificial hands

In order to evaluate and compare the usefulness and
effectiveness of the indexes defined here, they were
computed for various AHs, using Matlab. The AHs were
(Fig. 4): (a) Barrett[33], which is a three-finger robotic
gripper; (b) BruJa™ and (©) IMMAP?! both low-cost
anthropomorphic prosthetic hands designed by the au-

I

(a) Barrett ©Barrett (b) Brula
Technology

(c) IMMA

thors’ research group; (d) Shadow hand, claimed to be
the most anthropomorphic robotic hand!""); and (e)
i-Limb hand[lz], one of the most advanced commercial
prosthetic hands.

The data about the kinematic structure of each hand
(Eq. (1)) and the mobility ranges in its joints are shown
in the Supplementary Materials. HH data were obtained

. 222
from previous works/?*?

, and the geometric informa-
tion about the AHs was taken from the data supplied by

the manufacturers or designers.
5 Results

Table 1 shows the AIKCs (s = 1, 2, 3) for the hands
analyzed, in which value 1.0 means a perfect mimicry of
the HH model. The Shadow hand is the most anthro-
pomorphic and the Barrett hand the least anthropomor-
phic according to any of the indexes, although the AIKC,
of the Barrett hand is comparable to that of the BruJa and
IMMA hands. AIKC; and AIKC; results are much higher
than those of AIKC,. According to AIKC,, the degree of
anthropomorphism of all the hands is low, in the order of
15% for the Shadow hand, and in the order of 1% — 2%
for the Barrett, BruJa, IMMA, and i-Limb hands. This is
because the workspace of each finger is planar under the
premise of considering the absence of Ab/Ad DoF in the
MCEP joints of these AHs. In fact, to avoid obtaining null
volumes of the alpha-shape, the simulation was per-
formed by setting an Ab/Ad range of +1° in their MCP
joints. This mobility could be assumed due to the flexi-
bility of the joints themselves. For example, Fig. 5 shows
the alpha-shape of the workspace associated with the
LCS of every joint in the human and the IMMA hands.

The results shown in Table 1 also indicate a clear
correlation between AIKC; and AIKCs. The correlation
coefficient between these indexes is igher than 99%,

¢

(d) Shadow ©Shadow
Robot Company

(e) i-Limb ©Ossur

Fig. 4 Artificial hands analyzed and compared in this study.
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Table 1 Anthropomorphism indexes obtained for each artificial
hand

Hand AIKCy AIKC, AIKCs
Barrett 0.51 0.01 0.37
BrulJa 0.80 0.01 0.73
IMMA 0.84 0.01 0.78
Shadow 0.87 0.15 0.81
i-Limb 0.80 0.02 0.78

despite the fact that A/KC; compares the kinematic
structure and the mobility ranges, and AIKC; compares
the KC but with the positions and orientations of the
LCSs in grasping postures.

The differences in AIKCj; across objects were small
for all hands, ranging from 0.34 to 0.38 for Barrett, from
0.67 to 0.78 for BrulJa, from 0.74 to 0.85 for IMMA,
from 0.76 to 0.84 for Shadow, and from 0.77 to 0.81 for
i-Limb.

6 Discussion

In this study, three indexes have been defined and
compared to quantify the anthropomorphism of the KC
of AHs. These indexes are straightforward computed
and can be useful during the initial design stages of AHs,
or to evaluate them, as performed in this study with five
different AHs. They evaluate important aspects of an-
thropomorphism in accordance with previous stud-

- [16,18,19
jegli6:18:19]

, and overcome some of their limitations. Here,
we considered all the parameters for defining the KC,
that is, the position and orientation of all the joints in-
cluding all the finger segments. In Ref. [18], only the
fingertips were considered to define the workspace of
the hand and in Ref. [19] the orientation differences only
were considered in the MCP joints. Moreover, the ori-
entations are compared while computing the indexes by

28 .
(281 a5 a more accurate alternative

means of quaternions
to Euler angles'” or rotation matrices'™. The use of the
alpha-shape proposed here as an alternative to the
convex-hull to compare the workspace avoids the in-
clusion of interior regions or other areas that do not
strictly pertain to the reachable workspace!'”.

The low values obtained in A/KC, for all the AHs
analyzed are explained by the much smaller workspace
reachable by their finger joints as compared with the HH
(see Fig. 5). To confirm this, we analyzed a hand with

the same kinematic structure as the HH but with the

Fig. 5 Alpha-shape of the human hand (left) and IMMA hand
(right) workspaces for each joint (fingertip: pink, DIP: yellow, PIP
and IP: pink, MCP: green).

mobility range of Ab/Ad in the MCP joints of all fingers
reduced to £1°, resulting in an AIKC, of 0.07. The
combination of Ab/Ad together with F/E movements in
the same finger is what allows the HH to increase the
volume of its workspace. Indeed, the Shadow hand
achieves a higher A/KC, because its MCP joints have
two DoFs (F/E and Ab/Ad). In the Barrett hand, the
CMC joint allowing Ab/Ad in the index and middle
fingers, combined with the flexion of the MCP and in-
terphalangeal joints, compensates for the fact that the
hand consists of only three fingers and achieves an
AIKC, comparable to that of apparently more anthro-
pomorphic hands.

Anthropomorphism estimations obtained in previ-
ous works maintain a certain correlation with those ob-
tained in this study, despite being based on different
I the total
anthropomorphism score was around 10% for Barrett

definitions. For example, in Liarokapis ez al.!

and close to 40% for Shadow. These values are higher
than those obtained in A/KC, because they are based on
the comparison of workspace volumes using con-
vex-hulls instead of alpha-shapes. Our results are not
directly comparable to those of Feix ez al.'™, since dif-
ferent hands were analyzed, although the orders of
magnitude were similar to those obtained here with
AIKC,. In Ref. [18], a value of 5.2% — 9.2% (depending
on the sampling method) was obtained for the hand with
the highest number of DoFs analyzed (FRH-4) and
0.25% for the prosthetic hand SensorHand® (Otto Bock)
with three fingers, which is comparable to the Barrett
hand. In Ref. [17], the results obtained for the AIM were:
27% Barrett, 42% IMMA, 45% i-Limb, and 88%
Shadow. The results are comparable to those of the
present study, in the sense that in both studies the Shadow
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and the Barrett hands are the most and the least anthro-
pomorphic, respectively. However, AIKC, and AIM rank
the IMMA and i-Limb differently. Furthermore, the
Shadow hand exhibits higher AIM values (almost dou-
ble) compared to the previous ones, while for the A/KC,
and AIKCj; these differences are lower than 10%. The
differences between the results of the two studies may be
caused by the fact that the number of actuators and type
of underactuation, considered in the AIM definition,
were not taken into account in this study.

The high correlation obtained between A/KC; and
AIKC;5 is unexpected. Although both indexes are calcu-
lated in a similar way, AIKC; does not include informa-
tion about the mobility ranges, but only about the posi-
tions and orientations of the LCSs, with a different ref-
erence and in different postures. The correlation between
the two indexes would probably decrease if the number
of grasping postures increases. This point should be
investigated in future works. If the level of correlation
between the indexes remains high after increasing the
grasping postures, this would suggest that the informa-
tion they provide is redundant and therefore the use of
AIKC; would be preferable since its calculation is more
straightforward. In contrast, the information provided by
indexes AIKC, and AIKC, is complementary, since hands
with different kinematic structures, with a different
number of fingers and/or phalanges, and therefore very
different in terms of the parameters of the KC, such as
the Barrett and IMMA or BruJa hands, obtain a similar
degree of anthropomorphism in terms of workspace.

The Als defined in this study could help to define
optimal solutions that maximize the degree of anthro-
pomorphism. Nevertheless, this study has some limita-
tions. The definition of the AIKCs is based on a com-
parison with a kinematic model of the HH that is not
perfect because, although it considers all its main DoFs,
it assumes universal joint models in the joints with 2

21,36
361 Moreover, the as-

DoFs, which is questionablet
sumption that a single kinematic model of the HH allows
representation of the hands of different subjects seems to
be dubious?'. In any case, the model considered is
representative of the most advanced and recent biome-
chanical models of the HH******!. Even if new im-
proved hand models are developed in the near future, it

would always be possible to maintain, with minor

changes, the way in which our indexes are calculated.
The mobility range of the different joints of the HH used
here could also be revised in the future without major
changes in the general methodology. Despite the fact
that some recent works have analyzed this last point,
they are partial and with little agreement among
them™"**. In addition, 47KC> and AIKC; could be im-
proved with experimental data measured on the HH, as
in Ref. [18], to obtain a more realistic comparison. Fi-
nally, another limitation of the approach followed here is
that synergies between the actuation of the various DoFs
are not considered in the HH or in the AH. In fact, in the
HH, the mobility ranges of the joints are variable de-
pending on the posture, and in the AHs, which are usu-
ally underactuated, each actuator moves more than one
DoF, thus affecting the mobility of the different joints. In
this sense, we can say that the Als defined in this study
only consider the structure of the KC, but not its relation
with the method of actuation. Including the actuation
synergies would allow more complete Als to be defined
and is a further development of this study.

7 Conclusion

Three indexes for the definition of the degree of
anthropomorphism of the KC of an AH have been de-
fined and compared. As a first conclusion, AIKC, based
on the comparison of the defining parameters of the KC
(position and orientation vectors, and mobility ranges)
and AIKC;, based on the comparison of the postures
performed during the grasping of characteristic objects,
show a high correlation for the hands compared, with the
degree of anthropomorphism being around 70% — 90%
for the five-finger hands and around 40% — 50% for the
three-finger Barrett hand. As a second conclusion, the Al
based on the comparison of the workspace reachable by
the joints of the KC, AIKC,, presents much lower values
than the previous ones (ranging between 1% and 15%),
and are higher for hands that, like Shadow, combine
Ab/Ad and F/E movements in the KC of each finger. As
a final conclusion, among the hands compared, the
Shadow robotic hand is the one that overall presents the
highest values with the defined indexes. The advanced
commercial prosthesis i-Limb presents A/KCs compara-
ble to other low-cost AHs. The AIKCs for the three-finger
Barrett robotic hand are lower, although the AIKC, value
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is comparable to that of other five-finger hands.
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Appendix

The spreadsheet file “DataKinematicChain.xIsx” in the Supplementary file 1 contains, for the HH and each AH
analyzed in this study, the elements of the vectors v;;in Eq. (1) that define their KCs. For each segment, the vector of its
LCS with respect to its immediate proximal LCS in the chain is shown. Note that x, y, z are non-dimensional values
normalized to the hand length (distance from the wrist to the fingertip of the middle finger at the RP), and 6, 0,, 0. are
the Euler angles around the X, Y and Z axes respectively, with order of rotations XZY, expressed in radians. For the
digits with four segments, the row labeled medial phalanx actually corresponds to the distal one and the row labeled
distal phalanx corresponds to the fingertip of the digit. The spreadsheet also contains the minimum and maximum
range of mobility of each joint around the reference posture for the HH and each AH analyzed.

The document “GraspingPostures.pdf” in the Supplementary file 2 contains the optimization functions f; used to
obtain the grasping postures of the different objects and all their geometrical dimensions and their positions for
computing AIKCs.
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