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flex until contacting the object or reaching their mechanical

limits. Additionally, it has the ability to separately position

the thumb using muscle signals, which allows seven different

hand positions.

This prosthesis has three active fingers: the thumb, the

index finger and the middle finger; the last two fingers

are for cosmetic reasons. The index and middle fingers are

mechanically coupled via a cable, so that usually they both

come into contact with the object and produce the same

force. If the index finger come into contact with the object

first, the middle finger still continue to move, until also the

middle finger is in contact. Once the index and middle fingers

stop, the ring finger and little finger do not continue to move.

B. OpenHand Framework

OpenHand is a framework developed for modelling, sim-

ulating and analysing the grasp performed by human hands

[6]. It includes low-level computational tools that are invoked

using different applications. At the lower level, it uses

OpenRAVE [7] for kinematic definition and visualization.

A previously-validated 3D, scalable, biomechanical model

of the complete human hand [8] was implemented in this

framework as a new plugin. It has the definition of the

kinematic model enabling users to scale it with the hand

breadth and the hand length anthropometric parameters.

Each grasping experiment is defined through a Grasping

module using MATLAB. The OpenRAVE environment is

initialized, the most open posture and tentative grasping

posture are defined, then the simulator interfaces with the

collision engine to obtain contact information for the hand

closing algorithm. After the grasp is performed, the contact

information is used to calculate several implemented grasp-

ing quality measures.

The Michelangelo hand was also implemented for Open-

RAVE and the same grasping framework was used to create

its closing algorithm and obtain its contact information. The

model without the cosmetic glove (Fig. 1) used for the

experiments was provided by the Vision4Robotics Group1

with permission from Otto Bock.

C. Independent Grasp Quality Measures

In previous work, we have reviewed, selected and adopted

a set of grasp quality measures to study the human grasp

[5]. These quality measures were selected to evaluate inde-

pendent aspects of the grasp and normalized to make them

comparable so that they have a best value of 1 and a worst

value of 0. The biomechanical aspect measuring the muscular

fatigue has no meaning for a prosthesis without muscles and

therefore it was discarded.

Q1 - Restriction of the grip: It looks for a uniform

contribution of the contact forces to the total wrench exerted

on the object [9]. It is calculated as:

Q1 =
σmin(G)

σmax(G)
(1)

1Automation and Control Institute, Vienna University of Technology,
Vienna, Austria.

where σmin and σmax denote the minimum and maximum

singular values of the Grasp Matrix [10]. This measure has

to be maximized and has no units.

Q2 - Dynamic effects: It aims to minimize the effect

of gravitational and inertia forces during the motion of the

robot, measuring the distance between the centre of mass p
of the grasped object and the centroid of the contact points

pc [11]. Then the measure is calculated as:

Q2 = distance(p, pc) (2)

This measure has to be minimized and has units of length.

Q3 - Ability to resist forces: It is defined as the largest

perturbation wrench that the grasp can resist with indepen-

dence of its direction [12]. Only the directions of forces are

used and their magnitudes are upper-bounded to 1. Defining

GWS as the set of all possible wrenches w acting on the

object, the maximum of w ∈ GWS lies on the boundary

approximated as the convex hull over the discretized friction

cones (CW ). Then the quality metric is the radius of the

largest sphere centred at the origin, which is contained in

GWS:

Q3 = min
w∈CW

‖w‖ (3)

This measure has to be maximized and it has [force] units

if the torque in w is divided by a parameter ρ with units of

[length]. The index depends on the choice of the origin of

the reference system used to compute torques. In this work,

we use the centre of mass of the object.

Q4 - Comfort: This index measures how far each joint

i is from its maximum limits [13]. The aspect of Comfort

measured by this index does not refer, as with the human

hand, to the discomfort produced by stresses in the articular

soft tissues when they come stretched close to the joints

operating limits, but now must be understood as a reduction

of manipulability, as possible changes in the grasp posture

are limited. It is calculated as:

Q4 = 1/nq

nq
∑

i=1

(

yi − ai
Ri

)2

(4)

where nq is the number of hand joints and Ri is the joint

angle range between the middle-range position ai and either

the upper or lower angle limit, used to normalize the index:

Ri =

{

ai − yim if yi < ai
yiM − ai if yi > ai

(5)

where yiM and yim are the maximum and minimum angle

limits of the ith joint. The index has to be minimized, so that

the grasp is optimal when all joints are at the middle-range

position, having a quality measure of zero, and it goes to

one when all its joints are at their maximum angle limits.

Q5 - Manipulability: The inverse condition number of

the Jacobian matrix gives a measure of the sensitivity of

the magnitude of the end-effector velocity to the direction

of the joint velocity vector. It is a dexterity measure that

considers the capability of the hand to move an object in
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any direction with the same gain, which implies a good

manipulation ability [4]:

Q5 =
σmin(GJ)

σmax(GJ)
(6)

where σmin and σmax are the smallest and largest singular

values of the grasp Jacobian matrix GJ [14]. This measure

has to be maximized and has no units.

In previous work [6], we performed a series of experiments

designed to vary different aspects influencing the grasp

to identify ranges of variation which are better-adapted to

human grasping. This enabled us to find more realistic ranges

of variation of the measures than those obtained with the

mathematical limits. These values are presented in Table I

and are used to normalize the measures in order to make the

values comparable with the ones obtained using the human

hand model.

TABLE I

NORMALIZED RANGE FOR EACH MEASURE

Restriction Dynamic Ability to Comfort Manipulability

of the grip effects resist forces

Min 0.00 0.07 0.00 0.51 0.00

Max 0.30 1.00 0.09 0.90 0.02

D. Hand postures

In order to evaluate the grasp quality of the Michelangelo

hand, we used postures evaluated with the human hand model

and attempted to reproduce them using the prosthesis. A

nylon cylinder, 200 mm in length and with a 50 mm diameter,

was chosen for the experiments. Only grasps involving the

distal phalanxes of the fingers and thumb were considered,

taking into account that the frequency of grasping objects

with the finger’s distal phalanxes while performing common

daily activities has been found to be three times the frequency

of grasping objects with contacts along the fingers and the

palm [15]. As this prosthetic hand has predefined thumb

positions and only one degree of freedom, several of the

grasps achieved with the human hand were not possible

to be reproduced with the prosthesis. Therefore, only 12

cylindrical grasps were considered using the tripod pinch

posture (considered the most frequently used as mentioned

previously), using 3 and 5 fingers and varying the position

and orientation of the grasped object (Fig. 2).

In order to reproduce the same postures, the wrist was

located in the position registered for the human hand using

a VICON motion capture system [16] for the human subjects.

At this position, the closure algorithm was executed until all

fingers contacted the object or reached their maximum limits.

The collision algorithm is used to determine the contact

points and normals and all the selected quality measures were

evaluated. All three-finger grasps were performed closing

all fingers as the Michelangelo hand can not independently

control the number of fingers used to perform the grasp.

However, as only the thumb, index and middle are active

fingers, they are the only ones that produce contact forces.
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Fig. 2. Selected grasp postures (Cylinder: 50mm diameter, 200mm length
and 460g)

The ring and the small finger produce only small forces when

grasping an object, nevertheless these fingers can also help

to stabilise an object, depending on their shape.

Therefore, when trying to simulate three-finger grasps,

grasps with 3, 4 or 5 fingers were achieved, depending if

the ring and small fingers reached the object. But only the

three fingers selected to perform the grasp produced active

forces. On the other hand, when trying to simulate five-

finger grasps, sometimes the prosthesis achieved grasps with

four fingers, and again, only three of the contacting fingers

produced active grasping forces. We have - in both cases

- calculated two values for each quality measure: i) one

only using the three active fingers and ii) using the contacts

actually produced; and we present these two values as a range

among which the grasp quality measure actually lies.

E. Experiments evaluating grasp quality

Different experiments were designed in order to evaluate

the grasp quality of the Michelangelo hand.

1) Original design: The quality of the grasp for each of

the 12 selected postures is evaluated using the proposed mea-

sures for the original design of the Michelangelo hand. The

results were compared with the ones obtained performing the

grasp with the human hand model.

2) Varying hand design: Variation on the grasp quality

changing the hand design by modifying the abduction po-

sition of the fingers. Four new designs are evaluated and

compared with the performance of the original hand. They

are detailed in Table II and shown in Fig. 3.

III. RESULTS

A. Original design

The results of calculating the independent grasp aspects

for the 12 cylindrical postures are presented in Fig. 4 taking

into account both: only the 3 active fingers and the real

number of contacts. They are presented alongside the picture
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TABLE II

VARIATION OF THE FINGER’S ABDUCTION FOR EACH NEW DESIGN WITH

RESPECT THE ORIGINAL HAND

Posture Index Middle Ring Little

Max Abd 20o 0o -5o -5o

Mid Open 10o 0o -2.5o -2.5o

Original 0o 0o 0o 0o

Mid Close -4o 0o 5.5o 2.5o

Min Abd -8o 0o 11o 5o

(a) Max Abd (b) Mid Open (c) Original (d) Mid Close (e) Min Abd

Fig. 3. Design of hands varying finger’s abduction

of the respective human hand grasp and radar plots present

the selected 5 independent aspects evaluated for each grasp

and both hands.

1) Variation between three active fingers and all fingers

contacted: The ability to resist forces was the aspect with

greater variation (up to 19%) given that if the number of

fingers increases, the ability of a grasp to resist external

forces also increases, and vice versa. The dynamic effects

aspect presents variations (up to 15%) as the centroid of

the grasp polygon varied between three and five fingers,

reducing or increasing its distance to the object center of

mass. The restriction of the grip varied less than 1% of the

total normalized range [0-1]. The comfort was not altered

given that, as the fingers move according to one degree of

freedom, all the fingers were at the same position in the joint

range of motion.

2) Variation between prosthetic and human hand: The

Manipulability is the aspect that clearly gives a large ad-

vantage to grips performed with the human hand since this

measure always gives zero values for the prosthesis. This is

because the prosthetic hand has only one degree of freedom

and therefore one of the singular values of the grasp Jacobian

matrix (GJ ) is always zero. This shows that, once achieving

the grasp posture, the hand can not produce other movements

to the object, which have to be produced by the wrist or arm,

producing a manipulability of the hand equal to zero.

The grasp comfort is measured taking into account how

far are the hand joints from their limits. As it was mentioned

before, it should be understood as a measure of manipula-

bility in terms of the hand ability to move the joints after

performing the grasp. Since the object had a medium size,

the prosthesis is grasping it at approximately the center of

its joints’ range of motion thus getting always a very high

performance in this aspect. This is more accentuated when

the human hand is performing grasps with three fingers in

which it moves the ring and small fingers to their limits to

put them out of the way. In this cases, it should be considered

to modify this measure to only take into account the joints’

values of fingers that contact the object.

The ability to resist forces gave equal or better results in

most of the cases (5 over 6) for the grasp performed with

the Michelangelo hand for three finger grasps. In these cases,

the grasp was performed with three fingers with the human

hand for which the Michelangelo hand used 5, allowing it to

increase its ability to resist forces. It can be visualized that

when the measure is evaluated for the 3 active fingers of the

Michelangelo hand, it is equal or less than for the human

hand. In contrast, it gave generally (5 over 6) better results

for the grasp performed with the human hand for five finger

grasps, given that in many of these cases only 4 fingers of

the Michelangelo hand actually contacted the object.

The dynamic effects, measured with the distance from the

grasp polygon to the center of mass, gave similar results for

both hands since the wrists were located in the same position.

The results clearly show that grasps performed close to the

object centre are rated better than in the extremes. In some

cases, there are small differences given that the human or

Michelangelo hand positioned the fingers differently.

Lastly, the values obtained measuring the restriction of

the grip are similar for both hands, only giving better values

for the human hand in the horizontal three-finger posture

grasping the cylinder in the center.

B. Varying hand design

The results of changing the abduction of the fingers are

shown in Fig. 5. The results of the evaluation of the 12 grasps

are shown for each measure with the different hand designs.

As the manipulability index (Q5) is always zero, its results

are not shown in the graph.

Q3 shows that hands with the fingers more abducted have

better ability to resist forces with a variation of up to 25% of

its range. The dynamic effects of changing the hand design,

in general (8 over 12), gave incrementally better results when

hands had their fingers more adducted.

There is not much variability between hand designs us-

ing the Q1 and Q4 measures. The restriction of the grip

only shows small variations in the vertical orientation when

grasping the cylinder up. The comfort is clearly the same

as the hands are driven by the same closing algorithm and

their joints will be at the same angle with respect with their

limits.

IV. CONCLUSIONS

In this paper, we demonstrated one of the possible uses

of a framework for evaluating grasps through its various

independent aspects. We showed how the grasp ability of a

prosthetic hand can be compared to the one that the human

hand has.

Although prosthetic hands have evolved and improved

over the years, they have large deficiencies in their ap-

pearance and their functionalities are very limited. These

deficiencies are largely related with the quality of the grasps

they can perform. Specifically, the Michelangelo hand largely

looses dexterity and versatility compared to the human hand,
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Fig. 4. Independent grasp aspects for the human and Michelangelo hands (red line: Human, continuous blue line: Michelangelo calculated with all fingers
contacted and dotted blue line: Michelangelo calculated with only the 3 active fingers)
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Fig. 5. Quality measures evaluated for 12 simulated grasps. Postures described by: number of fingers (3,5) - orientation (H:Horizontal, V:Vertical) -
position (L:Left,C:Center,R:Right,U:Up,D:Down) (Cont.)

reducing from 23 to only one degree of freedom. For this

reason, out of 36 grasps that were studied for the human

hand only 33% were able to be evaluated for the prosthe-

sis. Additionally, the number of quality measures that are

meaningful for the Michelangelo hand is reduced, excluding

specially the proposed biomechanical indices as they do not

make sense for hands without muscles.

The results given by the manipulability measure (Q5) are

specially relevant for this hand. Although it was possible

to calculate the singular values of the grasp Jacobian matrix,

the inverse of the condition number always gave zero values.

This demonstrates that once achieving the grasp posture, the

hand can not produce other movements to the object, which

have to be produced by the wrist or arm. This clearly shows

one of the major deficiencies with the prosthetic hands: loss

of manipulability.

As future work, additional measures might be proposed

to take into account the fact that although the prosthesis is

a five-finger hand, only three of its fingers are active and

therefore able to produce significant forces to the grasped

object. Specifically, the role of the passive forces generated

by the ring and little fingers should be studied.

The experiment changing the abduction of the fingers is

presented as an example of the potential use of the proposed

framework to modify the prosthesis design. Future studies

can investigate how adding different degrees of freedom to

prosthetic hands can improve their ability to perform better

grasps. This can be used by the robotics community since

more and more robotic hands tend to be more similar to the

human hand trying to achieve its dexterity to perform grasps

and manipulate objects.
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M. Vergara, J. L. Iserte, P. J. Rodrı́guez-Cervantes, and A. Morales,
“Towards a Realistic and Self-Contained Biomechanical Model of the
Hand,” Theoretical biomechanics, pp. 212–240, 2011.

[9] B.-H. Kim, S.-R. Oh, B.-J. Yi, and I. H. Suh, “Optimal grasping
based on non-dimensionalized performance indices,” in Proceedings of

the IEEE International Conference on Intelligent Robots and Systems,
vol. 2, 2001, pp. 949 –956.

[10] D. Prattichizzo and J. Trinkle, “Grasping,” Springer Handbook of

Robotics, pp. 671–700, Sep. 2008.
[11] D. Ding, Y.-H. Lee, and S. Wang, “Computation of 3-d form-closure

grasps,” IEEE Transactions on Robotics and Automation, vol. 17,
no. 4, pp. 515 –522, Aug. 2001.

[12] C. Ferrari and J. Canny, “Planning optimal grasps,” Proceedings

1992 IEEE International Conference on Robotics and Automation, pp.
2290–2295, 1992.

[13] A. Liegeois, “Automatic supervisory control of the configuration and
behavior of multibody mechanisms,” IEEE Trans. Systems, Man, and

Cybernetics, vol. 7, no. 12, pp. 842–868, 1977.
[14] K. B. Shimoga, “Robot grasp synthesis algorithms: A survey.” I. J.

Robotic Res., vol. 15, no. 3, pp. 230–266, 1996.
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