POLITECNICO DI TORINO
Repository ISTITUZIONALE

Human Hand: Kinematics, Statics and Dynamics

Original

Human Hand: Kinematics, Statics and Dynamics / CHEN CHEN, Fai; Favetto, Alain; SEYED MOUSAVI, MOHAMAD
MEHDI; Ambrosio, Elisa Paola; Appendino, Silvia; Battezzato, Alessandro; Manfredi, DIEGO GIOVANNI; Pescarmona,
Francesco; Bona, Basilio. - ELETTRONICO. - (2011). ( International Conference on Environmental Systems Portland,
Oregon 17 - 21 Luglio 2011).

Availability:
This version is available at: 11583/2460637 since:

Publisher:

Published
DOI:

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

07 May 2026



41st International Conference on Environmental Systems AlAA 2011-5249
17 - 21 July 2011, Portland, Oregon

Human Hand: Kinematics, Statics and Dynamics

Fai Chen Chen’, Alain Favetto?, Mehdi Mousavi®, Elisa P. Ambrosio*, Silvia Appendino®, Alessandro
Battezzato®, Diego Manfredi’, Francesco Pescarmona®, Basilio Bona®
Italian Institute of Technology, Center for Space Human Rabotics, Corso Trento 21, 10129, Torino, Italy

The human hand is an extremely complex system due to its large number of degrees
of freedom (DoF) within a significantly reduced space. Moreover, it is required for most
of the tasks performed by humans. That is why it is necessary to understand deeply all
the characteristics of the human hand in order to develop devices interacting with it: to
support it, to substitute injured parts, to help the recovery from injuries, or to enhance
the performances while preserving its natural level of dexterity. The aim of this paper is
to provide a complete and exhaustive summary of the kinematic, static and dynamic
characteristics of the human hand as a preliminary step towards the development of
hand devices such as prosthetic/robotic hands and exoskeletons. Both fields provide
promising opportunities in research and space applications; the former through
humanoid robotic helpers (e.g., Eurobot, Robonaut), the latter through the rising
necessity to help the astronauts during Extravehicular Activity (EVA). In literature,
several papers can be found analyzing kinematics, workspace, constraints and forces of
the human hand**. However this information is scattered among several papers,
regarding in particular the exerted forces and the dependencies of joint forces and
velocities from the angular values of the same joint or the adjacent one. Direct and
inverse kinematics are presented for all the fingers and the data related to maximum
forces, velocities, acceleration for each joint of each finger has been collected and is
presented in this work.

I. Introduction

n recent years, as robotics advances, significant efforts have been devoted to the development of hand
devices. The two main application fields related to them are prosthetic/robotic hands and exoskeletons.
Focusing on space applications, there are excellent opportunities for research, the former through humanoid
robotic helpers (e.g., Eurobot, Robonaut) the latter through the rising necessity to help the astronauts during
Extravehicular Activity (EVA)* that will be explained with more details in the Section 7.

Some of them present a design with less than 5 fingers®’, by which the tasks that can be performed are
limited. Two human fingers can perform 40% of the hand tasks, three fingers can accomplish 90%, and four can
complete 99% of the tasks®. This paper is organized as follows: Section 2 presents data about the hand and the
main constraints of the finger movements. Section 3 describes the kinematical model of the hand. Sections 4 to
6 present data about forces, torque, velocities and power. Section 7 discusses how the data presented in this
paper may be used for designing new devices for space applications. Finally, conclusions are presented in
Section 8.
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I1. Human hand data

The human hand is composed of 5 fingers (Little, Ring, Middle, Index, and Thumb). The thumb is
characterized by three articulations (interphalangeal-1P, metacarpophalangeal-MCP and trapeziometacarpal-
TMC joints) and three phalanges (Distal Phalanx, Proximal Phalanx and Metacarpal). The other fingers also
comprise three different articulations (distal interphalangeal-DIP, proximal interphalangeal-PIP,
metacarpophalangeal-MCP joints)

and four phalanges (the same Middle

phalanges of the thumb plus the Index Ring

middle Phalanx). The wrist has two 3 4

functional DoFs. The TMC joint of B B g .
the thumb is characterized by two 7B IR S— . SR

Middle Phalanx

DoFs (flexion/extension and
adduction/abduction) similarly to Thumb

PIP '
the MCP J 0| nts Of th e Oth er fin g ers. Distal I'h.ﬂ-.:n\ \ Proximal Phalanx  Froximal Interphalangeal |

A Slngle DOF (ﬂEXIOI’]/EXtEI’]SIOI’]) Interphalangeal — ¢ &

-
f

characterizes the MCP and IP el Ul ; B Metacaotdangeal
joints of the thumb as well as the |~ MCP =~ o= % ! \ f / ' T
PIP and DIP joints of the other " Metscarpal /1 R
fingers (Fig. 1). Whereas the eight . AALLN ;cmp[ﬁﬁffm.lml
bones of the carpus articulate finely L "\ ~“\

with each other producing small ' S P

deformation, the representation Figure 1. Anatomical details of the hand skeleton.

into a single rigid segment is a
consistent approximation”.

The analysis of the kinematics, statics and dynamics requires knowledge regarding the dimensions of the
fingers and of the palm, and their respective range of motions (ROM): several reports present hand size data.
Tables 1 and 2 show the results of Garrett’s studies'®** for finger lengths and palm dimensions, measurements
that were taken from the right hands of 148 men and 211 women. In Table 1, Crotch to tip is the distance along
the axis of the finger from the midpoint of its tip to the level of the same numbered webbed crotch between two
fingers; Wrist crease to tip is the distance along the axis of the digit from the midpoint of its tip to the wrist
crease baseline.

Finger length (crotch to tip) Finger length (wrist crease to tip’) el Mean length
M mean | s.d. | 5%< | 95%< | mean | s.d. | 5%< | 95%< M 19.72
Thumb | 5.87 | 045|507 |6.57 | 12.70 | 1.13 | 11.05 | 14.68 Hand length F 1793
Index | 753 | 0.46|6.83 |819 | 1852 | 0.88 | 17.33 | 20.06 Vi 8.96
Middle | 857 | 051 ] 7.82 |9.74 | 1952 | 0.92 | 18.10 | 21.04 Hand breadth = =71
Ring 8.0 047 | 744 | 893 | 18.72|0.91 | 17.52 | 20.28 ) M 2159
Little | 6.14 | 0.47 | 544 | 699 | 16.61 | 0.91 | 15.11 | 18.10 Hand circumference S 18'71
E .
Thumb | 5.37 [ 0.44 [ 468 [6.12 | 11.05] 1.00 | 951 [ 12.83 Hand thickness EA 232
Index | 6.90 | 052|610 |7.80 | 16.67 | 0.89 | 15.21 | 18.14 M 6.19
Middle | 7.79 | 051 | 7.01 | 868 | 17.65 | 0.87 | 16.22 | 19.05 Hand depth S 517
Ring 731 | 052|652 |822 |16.76 | 8.94 | 15.28 | 18.20 - —
Little | 5.46 | 0.44 | 480 | 6.24 | 14.64 | 0.92 | 13.11 | 16.12 Table 2. Various hand dimensions

of USAF male(M)/female(F) flying

Table 1. Mean finger lengths and palm dimensions of USAF personnello'” (cm).

male(M)/female(F) flying personnel*®** (cm).

A few researchers have measured the length of each phalanx separately. A good study with a variety of
candidates is the one achieved by Sahar Refaat'?. The results of her study for each phalanx of index, middle,
ring and little finger are in Table 3 (11 means distal phalanx, 12 middle phalanx, and 13 proximal phalanx of the
index. The same notation is used for the rest of fingers). For another survey we suggest readers to refer also to
Jasuja’s study™. As show in Table 3, the dimensions of the hand are quite similar to the ones presented in Table
2, with a maximum difference of 2.18%. The data presented here is the sample distribution over geographic
regions and Air Force Commands, which may be quite representative for EVA glove users.

Hand | 11 12 13 M1 |M2 | M3 |R1 |R2 |[R3 |L1 |L2 |L3
Male Right hand 19.29 | 2.32 | 2.37 | 265 | 2.60 | 2.78 | 2.80 | 2.29 | 2.56 | 2.76 | 1.96 | 1.92 | 2.51
Male Left hand 19.36 | 2.32 | 239 | 2.61 | 2.60 | 2.82 | 2.75 | 2.30 | 259 | 2.78 | 1.95 | 1.98 | 2.49
Female Right hand | 17.60 | 2.23 | 2.24 | 245 | 2.44 | 255 | 256 | 212 | 2.34 | 252 | 1.79 | 1.74 | 2.26
Female Left hand 17.62 | 2.20 | 224 | 235 | 2.24 | 243 | 253 | 213 | 2.36 | 249 | 1.77 | 1.77 | 2.26

Table 3: Mean length of hand and phalanx of index, middle, ring and little finger (cm).
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Hand and finger motion is constrained; therefore the natural movements of human fingers are limited to a
specific range. Constraints can be roughly divided into three types: static constraints, intra-finger constraints and
inter-finger constraints. Intra-finger and inter-finger constraints are often called dynamic constraints, and these
are the ones responsible for producing natural movements both statically and dynamically. However, this range
of movement is somewhat ambiguous because the range depends on various factors involving human hand
biomechanics. The intra-finger constraints are the constraints between joints of the same finger. For instance,

Opp = geplp. Inter-finger constraints refer to the ones impaosed on joints between fingers. For instance, when
one bends his index finger at MCP joint, he would naturally have to bend the middle MCP joint as well.

However, there are yet more constraints that cannot be explicitly

represented in equations. The normal range of motion of human | Finger | Flexion | Extension ;:abdduuccﬁl)%n/
hand joints corresponds to static constraints on joint angles in " Trhumb
the model. These constraints are just limits on the values that the TMC | 50°-90° 15° 45° - 60°
0 parameters can take. Main static constraints (Table 4) have MCP | 75°-80° 0° 5°
been collected by Cobos® et al. Applying these constraints on IP 75°-80° | 5°-10° 5°
the inverse kinematics presented on section 3, will reduces the Index
total number of DoFs. Inter-fingers constraints have been CcMC 5° 0° 0°
defined in Ref. 14. MCP 90° 30° - 40° 60°
PIP 110° 0° 0°
1. Kinematic model M?(;Zle 80° - 90° X o
The kinematic model is composed of 19 links corresponding CMC 5o 0° 0°
to the human bones and 24 DoFs modeled by joints. Two MCP 90° 30° - 40° 45°
kinematic configurations are considered for the hand, one for the PIP 110° 0° 0°
thumb, modeled as 3 links and 4 joints and another for the rest DIP 80° - 90° 5° 0°
of the fingers (index, middle, ring and little), modeled as 4 links Ring
and 5 joints, see Figure 2. Note that the CMC joint represents CcMC 10° 0° 0°
the deformation of the palm, for instance when the hand is MCP 90° 30° - 40° 45°
grasping a ball, while MCP abduction/adduction is defined PIP 120° 0° 0°
before MCP flexion/extension. DIP__| 80°-90° 5° 0°
Little
A. Direct Kinematics s 15: OOO - Ooo
Direct kinematic equations are used to obtain tHigertip uilg 9;) S 30 0'040 509,
position and orientation according to the joint angles. The model g'll; 19050 = i

equations are calculated by means of Modified Denavit-
Hartenberg (MDH) parameters®.

1. Direct Kinematics of the index, middle, ring and little finger
X
X
Ygﬂ'rg')zx

\
Distal X \r\géz DIP;,

Lk 8 [ a_)
7 Y

Middie 1)
Link —

Proximal _
Link

Metacarpal
Link -

Table 4. Statics Constraints®.

R;=Wnst Reference

Figure 2. Kinematic configuration of the human hand. Thumb is defined by 3 links and 4 degrees of
freedom whereas index, middle, ring and little are3deﬁned by 4 links and 5 DoFs.
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Each of the fingers presents four bones: metacarpal, proximal, middle and distal (Fig. 1). These bones
correspond approximately to the length of each link of the serial kinematic chain (Fig. 2). Each articulation
presented above for these four fingers corresponds to the joints: CMC, MCP, PIP, and DIP. The MCP joint
presents 2 DoFs realizing the adduction/abduction and flexion/extension movements. The rest of the joints only
allow flexion/extension movements. Table 5 shows the MDH parameters for the index finger, which are similar
to those of the other fingers except the thumb.

Joint | @, | a4 |d; 6;
J12 /2 0 0 Hcmcf/e
Jo2 —m/2 | Ly, 0 HMCPab ad
Ja2 /2 0 0 | Oucry,
Jaz 0 Ly, | 0| Opipp,
j52 0 Ly, | O HDIPf e

Table 5. Modified D-H parameters of the index finger.
Equation 1 shows the direct kinematics from index to little fingers.

Ai = O(ZT 2iTL (9]1) = O(ZT gll:Tl. (HCMCf/e) %II:TL (HMCPab/ad)' %ll:Tl. (HMCPf/e) ill:Tl. (HPIPf/e) gll:Tl. (HDIPf/e) ngtl (1)
Where:

e A, represents a matrix containing position and orientation of the fingertip of each finger.

e T represents a translation and rotation taking into account the fact that the fingers are slightly
fanned out and allowing to pass from the initial base Reference frame (Ry) to the alignment of the i-
th finger first reference frame (Ry).

. g}Ti(ej) is a matrix containing the geometrical transformation between the i-th finger first reference

frame and the i-th fingertip (ft;). The matrix is composed of the concatenation of the transformation

matrices of each finger link.

. (“_13;.'Ti(9j) is a matrix containing the geometrical transformation between the (n-1)-th reference

frame and the n-th reference frame of the i-th finger. In particular,
. ngti represents the position of the fingertip with respect to the distal (5th) reference frame.

i corresponds to index(2), middle(3), ring(4) and little(5) finger.

j corresponds to each finger’s joint CMCy;o, MCPyp, /04, MCPf o, PIP;o, DIPy .
n goes from 0 to 6 from each finger.

ft fingertip of i-th finger.

2. Direct Kinematics of the thumb

The thumb presents three bones (Fig. 1): metacarpal, proximal, and distal. These bones correspond
approximately to the length of each link. The respective joints are: TMC, MCP, and IP. The TMC joint presents
2 DoFs, allowing adduction/abduction and flexion/extension. Table 6 shows the MDH parameters; equation 2,
with the same notation scheme as equation 1, shows the direct kinematics for the thumb.

Joint | a;_4 | a;_4 | d; 0;
ja1 0 0 0 HTMCab ad
Jo1 n/2| 0 0 | Orucy,
Ja1 0 Ly | O | Omerp,
Ja 0 Ly 0 91Pf/e

Table 6. Modified D-H parameters of the thumb.

— o Othumb —
Athumb - OthumbT' 1Tthumb(9k) -

8T ?Tthumb (HTMCab/ad)' %Tthumb (HTMCf/e)' %Tthumb (HMCPf/e)' iTthumb (HIPf/e)' éTftthumb (2)

k corresponds to the thumb joint TMCqp, /qq, TMCs /e, MCPg e, 1P .
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B. Inverse Kinematics

Inverse kinematics is used to obtain the joint angle values according to the fingertip position and orientation.
The inverse kinematics will be solved for the index finger and the thumb, as it is almost identical for the other
fingers. The model of the human hand is a redundant case; therefore several solutions exist, so to solve the
redundant case properly, constraints (Section 2) have been presented to have a convergent solution.

1. Inverse Kinematics of the index.

The angles GCMCf/e, HMCPab/ad, HMCPf/e, HP,Pf/e, HD,PHE are obtained from equation 1, where the matrix A,
and the first element are known, based on this algebraically, we solved for the joint CMC; ., MCPgp /04, DIPf /e,
Ajj are the elements of the i-th row and j-th column of the A,, know for each finger. :

)] o S o)
HCMCf/e = atan (A13 OF GMCPab/ad = atan —Azcos(Bcmc) @
_ . . _ (-1).0mAzz+ndz1) | _ A1 | n (-1).(0mAzz+ndzq)
M = S3C3C4 = 525354 s M= 53C354 = $253C, , €1 = (m2-n2) , €=t (m2-n2) ()

Where s, = sinf,and so on for the rest, taking into account that 6, = HMCPab/ad ; 03 = HMCPf/e and

0, = HPIPf/e'

Opip, ), = atan2[61,62]| (6)

The joints MCPy,,, PIPf,, are solved through a geometric method, see Fig. 3.

Finger 2

Opip, e

Figure 3. Inverse Kinematics for the index finger and thumb.

Starting from the vector 1?2 which contains the position of the fingertip, it is possible to obtain Hj with the
following expression:

_ F2>:I“Tz>_ [Lsp * 1] (7
The vector G, is calculated as:
— T .
G, = [GZx Goy 62z] v Gax = lic05(0cye) s Gy = Lipsin(@cuc) ;. Gz, =0 (8)

The vector u,, and the values s; and s, are obtained using the already calculated Hj and G_;:

2 2_ 2 2 2_; 2
W =H;~G; i = [l i = G oy = acos (P522) 1 g, = acos (22 —2) ©)
2l12 r2l22
5
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MCP flexion/extension is obtained as:

|9MCPf/e =TnT—=¢;— (P2| (10)

PIP flexion/extension is obtained as:

2 2__. 2
I327 413" -1, )

= acos (
®s 2133132

|9P1Pf/e =n— ‘P3| (11)

2. Inverse Kinematics of the thumb
The same procedure can be applied to the thumb, in which Ar,m, and the first element of equation 2 are also
known, the joint TMCy, 44 is Obtained algebraically as follows:

= atan ( A1s ) (12)

—Az3

HTMCab/ad

By the geometry method the joints MCP; ., 1Py, are obtained as follows (Fig. 3),

Fl = ﬁ = [l3y =11, r3 = ”H—;” ; Ty = ”ﬁ” (13)
¥, = acos (%) ; ¥, = acos (%) ; Y3 = acos (%) (14)
|9MCPf/e = 7T_V1|; |91Pf/e =TnT—Y2 _V3| (15)
The joint Ormcy), is obtained algebraically as follows:
U="0ycp+05p; €3 = (A3 + Azy) cosp; €4 = A31_(A31+£)3:;cosulsmu (16)
|9TMCf/g = atan2[64,e3]| ()

IV. Force and torque

An understanding of the capabilities of the human hand provides a basis for the development of an
exoskeleton for enhancing astronaut’s hand performance while wearing the EVA glove, as described in Section
7. Forces normal to each phalanx (bone) of each finger in a cylindrical power grasp (Fig. 4a) were recorded by
An® et al. The apparatus allowed recording strain gage measurements at the mid-point of each phalange; a
summary of these measurements appears in Table 7. These values can give us a clearer image of which is the
range of force when a particular task is performed.

Proximal | Middle | Distal

Index 42 22 62

_— Middle 24 40 68

5 %‘\ Ring 15 28 44

VY T = = Little 7 20 31
o B ekl Y N Table 7: Maximun mid-phalangeal
Figure 4. Grasps. a) Cylindrical power grasp’’, b) Key pinch  joint forces exerted by human fingers

grasp ', c) Tip pinch™’, d) Palmar pinch (pulp pinch). in a cylindrical power grasp'® (N).

Another study was performed by Lowe'®, et al. He used a system that incorporated 20 conductive polymer
resistance-based force sensors attached to a thin leather athletic grip glove (Fig. 5). The active area of each
sensor was circular with a diameter of 9.53 mm. The thickness of each sensor was 0.127 mm. Table 8 shows the
average distribution of forces over the 16 finger segments for 24 subjects performing a maximum cylindrical
power grip. This study allows us to know how the forces are distributed among certain points of the hand. Single
phalanx differences from An’s work and Lowe’s work are in a range between 0.7% and 25.9%, but proximal
phalanx cannot be compared because Lowe’s study add also Meta-head distribution.
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Proximal | Middle | Distal | Meta-head
Lo 21 26.1 45.9 17.3
4.7%) | (5.9%) | (10.4%) | (3.9%)
. 29.3 36.5 64.1 24.2
Middle | ¢ oy | 8.20) | (14.5%) |  (5.5%)
Ring 22.3 27.8 48.8 18.4
G%) | (63%) | (11%) | (4.2%)
Little 11.6 145 25.4 9.6
26%) | (33%) | (5.7%) | (2.2%)
Figure 5. Sensor placement Table 8. The average distribution of forces. Values are
on the force glove'®. in Newton (N) and percentage of total force®.

Finger abduction and adduction force capabilities have also been studied. An et al. measured maximum
abduction forces between the index and the middle finger of 40N, and adduction forces of slightly over 30N.
Also the lateral strength of the index finger and thumb (Table 9). The thumb appears to be by far the most
powerful of the digits, a clear case can be seen in Table 9, where the typical key pinch (Fig. 4b) strength for
males as 109N, more than twice as Sutter’s®® maximum of 50N at the index fingertip. An’s 75N measurement of
thumb ulnar deviation is also much higher than any finger abduction/adduction measurement. Another study
made by Kroemer and Gienapp®® provides results which confirm An’s result. Kroemer and Gienapp did the
same study for 31 male Air Force pilots. The average thumb tip forces range from 84 N for the “thumbs up”
position to 99 N for the key pinch position with the thumb MCP joint fully flexed™.

Tip Pulp Key Radial Deviation Ulnar deviation
Pinch | Pinch Pinch Thumb Index Thumb Index

Male 65 61 109 43 43 75 42
Female 45 43 76 25 31 43 28

Table 9. Normal hand strength® (N).

A different study was carried out by Astin®®. Table 10 shows the summary and comparison of mean strength
in key pinch, palmar pinch and power grip for males and females subjects in Mathiowetz?!, Imrhan?® and Astin
studies.

Bretz?, et al has also performed some study to measure the fingers forces. Table 11 shows the results. These
studies confirm previous work.

Mean Astin | Mathiowetz | Imrhan
Strength Results _Results_ Results
key pinch (Fig. 4b)
Male 97 110 92
Female 65 73 64
Palmar pinch (Fig. 4d)
Male 63 76 72
Female 45 51 46
Power grip (Fig. 4a)
Male 452 466 487
Female 289 280 308

Table 10. The summary and comparison of mean strength in lateral pinch, palmar pinch and power
grip for males and females subjects in Mathiowetz, Imrhan and Astin studies (N).

Average Force Measurement
Hand | Little | Ring | Middle | Index | Thumb
Rigth hand | 551 31 38 55 57 108
Left hand 505 28 37 54 60 109
Table 11. Results of Bertz’s study (N).

Assuming representative phalangeal lengths and joint angles for the hand in a cylindrical grasp, joint torques
corresponding to the above forces were calculated (Table 12). The force vectors were calculated as follows,
where @ is the joint angle**, taking into account Fig. 6.

7
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MCP PIP DIP MCP PIP DIP
Index 270 228 775 Index 463 213 62.5
Middle 322 289 85 Middle 500 225 62,.5
Ring 203 180 55 Ring 370 170 50
Little 126 120 39.8 Little N/A N/A N/A
Table 12. Joint torques exerted by human Table 13. Joint torques exerted by human
fingers in cylindrical grasp (Ncm). fingers in fingertip force test** (Ncm).

I, = l;cos(Xi_, 0;)i + 1 sin(Xi-, 6;)) (18)
f; = ficos(m+ XL, 6,)i+ fisin(m+ X, 6,)j  (19)

The joint torques can then be calculated:

g=2f+(L+2) L+ (L+L+2)f (20)
n=2f+(L+2)f (21)
T, =2f, (22)

with mid-phalangeal forces®.

Another study was performed by Sutter®, et al. The study reported 50Nas the maximum force exerted at the
tips of human index and middle fingers, and 40N for the ring finger. The same approach used to calculate joint
torques in a cylindrical grasp has been used to calculate the joint torques from Sutter’s fingertip force data,
unlike An, et al. Sutter measured maximum fingertip forces with the fingers fully extended, so all angles are
zero in the torque calculation (Table 13). An interesting fact is that Sutter observed that maximum joint torque is
roughly independent from MCP joint angle for the angles in

question. Though Sutter and An’s data were obtained under MCP | PIP | DIP
different circumstances, a cautious comparison is useful to Index | 463 | 228 | 77.5
determine the maximum of the human hand capabilities due to the “’F';i(:]d(;e 2(7)8 igg 22'8
fact that actuator dimensioning for hand exoskeletons or similar Little T /A 1120 [39.8

applications may be done according to this data, to obtain the
same range of force. Hasser® concludes that An’s cylinder biliti fh fi oints?
experiment did not fully challenge the MCP joint, but it ?ﬁg;)' Ities oF human Tinger: joints
challenged the PIP and DIP joints more than Sutter’s, in the '

contrary Sutter’s experiment challenged the MCP joint, but not the PIP and DIP joints; so we can merge both
An and Sutter’s studies that provide us the maximum joint torques (Table 14). Future work should comprise
experiments on different hand movements, to obtain a thorough knowledge of maximum forces.

Table 14. Maximum torque

V. Velocities

Little information exists on maximum velocities of finger joints or representative velocities during task
completion. Maximum velocities would be useful as an upper bound for no-load velocities of force-reflecting
hand masters. Knowledge of maximum velocities can also contribute to estimate the human joint power
capability in the absence of coordinated force and velocity measurements. Knowledge of actual joint velocities
during typical hand tasks would also be useful for determining system requirements.

Darling®, et al. measured MCP and PIP joints velocities while studying the finger dynamics of four subjects
[22]. The maximum MCP velocity measured by one of the subjects corresponds to 18 rad/s and maximum PIP
velocity of 12 rad/s. Darling?’ states that the velocities seem to range as high as 20 rad/s. Darling®, cites a peak
PIP velocity of 10 rad/s for “natural velocity” movement in the PIP joint and a range of 3-6 rad/s for the MCP
and PIP joints in “slow” motion.

The experimental results agree with those of Marcus®, et al. at EXOS that reported a maximum MCP joint
velocity averaged across the four male subjects of 17 rad /s. A brief investigation by EXOS engineers yielded
similar results. PIP joint velocity was not measured, though the maximum PIP velocity might be estimated at 18
rad/s.

8
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VI. Power

Data from An, et al. and Sutter, et al. contribute to an estimate of maximum human joint power. The
maximum MCP joint torque, calculated from Sutter’s middle finger data, is 5 Nm. The maximum PIP joint
torque, calculated from An’s middle finger data, is 2.89 Nm. Linear interpolation between an MCP stall force of
5 Nm and an MCP no-load velocity of 17 rad/s yields 2.5 Nm at 8.5 rad/s for the power calculation (assuming
maximum power at half maximum angular velocity and half maximum torque). The calculation for the PIP joint
is similar:

MCP joint: (8.5 rad/s) (2.5 Nm) =21 W
PIP joint: (9.0 rad/s) (1.44 Nm) =13 W

The above linearly-interpolated calculation assumed maximum power at % maximum angular velocity and %2
maximum torque. Hollerbach, et al. show that muscle does not have a linear strain/stress curve, and that
maximum power occurs at 1/3 maximum velocity and 1/3 maximum force [24]. This results in the following
power estimates for human finger joints:

MCP joint: (5.67 rad/s) (1.67 Nm) = 9.4 W
PIP joint: (6.0 rad/s) (0.96 Nm) = 5.8 W

Stated simply, maximum power of a muscle in this situation would be 0.11 (maximum angular velocity x
maximum torque).

VII. Discussion for Space Application

As mentioned above, the human hand is the most important tool for astronauts to perform tasks during an
extravehicular activity (EVA): nevertheless, mandatory EVA equipment strongly reduces hand performances, in
particular as regards dexterity, mobility and fatigue. Our research group is focusing on the design and
development of a lightweight hand exoskeleton, to be worn inside the EVA glove, in order to augment hand
performances and counteract the stiffness of the pressurized space suit. The data collected and presented in this
paper allows interested researchers to deeply understand the human hand, kinematics, forces of each finger, joint
constraints. This will aid in the design of an exoskeleton prototype, as well as other hand device applications,
where the main point is to roughly mimic the characteristics of the human hand, for instance the joints’
positions, joints’ constraints, as well as the DoFs. For applications such as exoskeletons, which must be worn
on the human body, the structure should be built to avoid changing the kinematics of the part of the body where
it has to be placed. Key factors for the design of an EVA glove hand exoskeleton have been reviewed®. Other
important space application which may benefit of from data presented in this work is the design of end effectors
in rovers and in manipulators, as shown in figure 7.

Figure 7. Space applications. a) An anthropomorphic hand exoskeleton to prevent astronaut hand’s fatigue
during extravehicular activities®, b) Robonaut’s hand as end effector® c) Eurobot Ground Prototype end
effector®,

VIIl. Conclusions an future work

This work aims at providing a complete review of the kinematics, statics and dynamics of the human fingers
such that it will provide the basis for both the development of future comparative studies as well as future
projects related to human hands. Collected data will be applied for the development of a hand exoskeleton for
an EVA glove, but may be useful for all projects comprising devices which must interact with or emulate the
human hand.
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