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Abstract— Human levels of dexterity has not been duplicated
in a robotic form to date. Dexterity is achieved in part due to
the biomechanical structure, and in part due to the neural
control of movement. An anatomically correct test-bed (ACT)
hand has been constructed to investigate the importance and
behavioral consequences of anatomical features and neural
control strategies of the human hand. This paper focused on
the role of the human hand’s variable moment arm. System
identification was conducted on the ACT index finger's two
degrees of freedom at the metacarpal-phalange (MCP) joint
to provide an understanding of, for the first time, how the
moment arms vary with multiple joints moving simultaneously.
The specific combination of nonlinear moment arms results
in an increased ability to produce force at the fingertip for
the same neural input when the finger's flexion and adduction
angles increase (that is toward the middle of the hand). This
preliminary work will lead to answering what biomechanical
and neural functions are required to construct fully dexterous
robotic and prosthetic hands in the future.

|. INTRODUCTION

While robotic hand manipulation skills have been inves-
tigated for decades, the human level dexterity has not been
implemented in a robotic hand to date. The human hand
dexterity is achieved partly due to the biomechanics of the
system and partly due to the neural control of movements. (b)

\N_h?n human-like dexterity is reallz_ed in a robotic hand IT’:ig. 1. Anatomically Correct Test-bed (ACT) Hand and finger. (a) The

will improve tele-operators, prosthetic hands, or also work 8&CT Hand is modeled to be human size. The skeletal structure and tendon
a test-bed for additional investigations about human hands. figuting in each finger are anatomical. The hand is controlled by DC motors
this paper we present a technique to quany the relationshifil 1 ceatn n 1 fer, o coectea e tendons ot by Eln
between the muscle contractions and joint movements P, PP, and MCP with flexion/extension and abduction/adduction degrees
human hands by studying these properties in a robotic hant_jfreedom. For the system identifigation, PIP and DIP joints are restricted

that possesses the same biomechanics as a human hand, % it 107 he bator The nset ious  doseip of molor st

We have recently completed the assembly of an anatomiGahtroller connected to the adjacent motor. The tendon is connected to the
robotic hand, called Anatomically Correct Test-bed (ACT)notor shaft and it passes over a pulley to an insertion point on a bone.
Hand (Fig.1), with the following three research goals in
mind: (1) an experimental test-bed to investigate the complex
neural control of human hand movements, (2) a physicabntrol strategies without having to compensate, in control
prototype to test new surgical techniques for impaired hangoftware, for the differences in robotic hand structure and
and (3) a tele-manipulator for precision tele-operation anduman hand anatomy.
prosthetics. Unlike other anthropomorphic robotic hands [9], When the robotic structure mimics the human structure,
[4], [6], [17], [19], ACT Hand is anatomically correct. The identifying robotic hardware properties and parameters can
local nonlinear interactions between the muscle excursiomsicover interesting properties about the human system. An
and joint movements are mimicked in the ACT Hand bymportant characteristic of the human hand is the mechanical
bone shapes that match human bones and by a structureadfantage, called as the moment arm, that each muscle-
tendons that connect the actuators to the finger bones. Tiemdon combine has on each joint. A muscle contracts to
anatomical properties allow us to implement neuromusculaull on a tendon which connects to a bone and pulls the

controller




bone to achieve desired joint motions. The relationshipf motions for all degrees of freedom in the ACT Hand.
between the muscle-tendon excursions and joint movemernikis preservation results in a large abduction-adduction range
depends on the bone shapes over which tendon travels amlden the finger is extended-85°) and a small range when
structure of the tendon network, and is characterized by thie finger is flexed+£5°) [25]. An extensor hood mechanism,
moment arm. In case of the index finger a moment arwhich is a complex web of extensor tendons located on the
matrix is defined to relate excursions of seven muscles tiorsal side of the finger, is duplicated to match the human
four independent joint motions. From cadaveric and humatounterpart [27].

studies it is known that the moment arm matrix is nonlinear,

a function of all joint angles, and that is varies significantlyB. Muscles and Muscle Excursions

from a person to another [2], [7], [13]. Since the moment A human finger is controlled by 3 intrinsic muscles (P,

arm matrix relates the muscle excursions to the joint motior'ﬁI and LUM) and 4 extrinsic muscles (EDC, EIP, FDS

and also the muscle forces to the joint torques, understandiE%P) Due to routing of the tendons and the location of

the variations of the moment arm matrix is critical for . .
. . the attachment points, each muscle contributes greatly to a
understanding the hand control strategies and hand dexterity. .
imary degree of freedom of the finger. For example, the

Restoration of moment arm variations is considered to L - !
. o . . P and FPS muscles primarily contribute to flexion, the El
an important criteria for success in hand surgeries [15] as

L : nd EDC muscles contribute primarily to extension. In the
well as |n.Jo.|nt rep_lacemerﬁs by hand implant [26]. Momen CT index finger, all the same muscles are realized except
arm matrix is studied previously for hands as well for OtheFor the EDC (which is equivalent to EI when only one of the

body parts. For example, the moment arm matrix for tmﬁ‘ngers is controlled at a time). Each muscle is realized by

elbow joint was determined by Feldman [12], and Shadmehr
: brush-less DC motor and the tendons are connected to the
and Arbib developed a musculoskeletal model based on the .
otor shafts after passing over pulleys. As the motor shaft
moment arm [23]. However, exactly how the human momen . . .
e o . rotates, the tendons slide causing an equivalent of muscle
arms vary with simultaneous joint movements in the human cursion
hand and how (or whether) the central nervous system (CN§ L
A constant-torque spring is installed on each motor shaft

utilizes the variable moment arms to the achieve desired, . ; .
. which generates pre-tensions in the tendons. Each motor
movement is not fully understood.

While we have reported moment arm data in the past is connected to a miniature controller (Barrett Technology

: ) . %c [3]) with an embedded photo-sensor and an encoder
the ACT index finger and the ACT thumb [10], we Slmplywheel (with 114 ticks/deg) allowing for a high precision

used it as a tool to validate the hardware design movin

one degree of freedom at a time. Moment arm data frOr&osmon sensing of the motor rotation. The controllers are

cadaver and human subjects have also been limited to var i(r:]onnected to a RTAI Linux [22] machine which provides
) ym%tor position readings at high frequency $00Hz).

one joint at a time [7], [2], [13]. This paper presents the
system identification technique that allows the moment ar -

matrix to be identified as a function of multiple moving jointsle' Moment Arm Variation

for cadaveric or robotic hands. We compare our results with The moment arm relates the rate of change of finger

available cadaver data and also discuss the implications ofant angles to the rate of change of muscle excursions. The
non-constant moment arm matrix for movement control ancthoment arm varies with joint angles due to the bone shapes
force generation in the hand. and tendon structure. Figure 2 illustrates three examples with
varying degrees of complexity in the relationship between

angle @) and string slide lengthI{). In the first figure,

In this section we present important features of the indek = 0 and moment armgR, is simplyr which is the drum
finger of the ACT Hand which influence the moment arnradius. In the second figure, the contour of the disk makes
determination. The details of finger skeletal structure anghe relation configuration dependent and hence moment arm
the tendon routing have been presented earlier in [27], [25F R(0) = %—g. The third figure is an illustration of strings
, sliding over the 2 DOF joint, where both the bone shape and
A. Finger Sructure the connected tendon structure contribute to specific moment

Figure 1(b) shows the ACT index finger we used for thesrm properties. For this figure, the 2 DOF joint is affected
system identification experiment. Starting from the base afy two tendons that are interconnected on a contoured bone

the hand and working along the index finger to the tip, theurface. The moment arm matrix B..» with elements
finger consists of 4 bones (1 metacarpal, 3 phalanges) whigf); = % i,j=1,2.

are connected by 3 joints (MCP, PIP, DIP). All bones have |n the ‘case of the ACT Hand index finger, the moment
nonlinear contours, same as human bone contours, to provigien is defined by a matri® of dimension6 x 4. The finger

accurate tendon guidance. The MCP joint has two de9OFs and the muscle excursions can be defined to be related
grees of freedom, namely, adduction-abduction and flexiofy functions; as follows:

extension while PIP and DIP joints move in single-axis
flexion-extension motions. We preserved anatomical ranges lmi = fi(8) 1=1,...,6, (1)

II. ACT INDEX FINGER DESCRIPTION



L flexion and this coverage procedure was repeated several
_ times.
»r The muscle excursion and joint angle data were re-
o sampled at 120 Hz and smoothed by computing a moving
%" average (window size 30). We computed mean muscle-length

excursions for all the muscles with respect to the angles
covered and fitted cubic surfaces of the form:

Imi = Cri 4 Co01 + C3;02 + Cyi61* + O5i922 + (4)

Fig. 2. Examples of moment arm variations with varying degree of Cﬁi91292 + C7i92291 i=1,..,6,
complexity in the relation between angle and string slide length. For the

first example moment arni? is simply r. For the second example moment where C,; are constants to be determined using a fitting

arm is R(0) = %. For the third example moment arm matrix & 2 . ’ . .
oL, algorithm. Then we computed the moment arm matrix using

Equations 3 and 4.

with elementsR;; = W' i,7=1,2.
J
IV. RESULTS AND VALIDATION

where [,, is the vector of muscle excursionslf, =
(L1 s lm2s tm3s bma, Ims, Ime] ) @nd @ is a vector of finger
joint angles ¢ = [01, 02, 05,04]"). Then the moment arm is

A. Muscle Excursions

Table | shows muscle excursion lengths for 100 degree
change in joint angle for both the ACT Hand and cadaver

defined as: hands [2] (see below for more on comparison with cadaver
I, = RO (2) data). Our data shows that the extrinsic muscles (FDS, FDP,
T and EI) show little excursion for abduction-adduction when
where, compared to the intrinsic muscles (LUM, PlI, RI). In contrast,
i Of; . the extrinsic muscles show large excursions for flexion-

R”(G) = W = 0. 1= 1, ,6 and j = 1, ,4 (3) extension.

/ / Figure 3 shows example of fitted surfaces for an extrinsic
For our system identification, we recorded muscle excursianuscle (FDP) and an intrinsic muscle (PI), along with the
lengths from the motor and finger angles from a motiodata. Mean error across all the data points wW&&5 +
capture system to determine the moment arm variations a$3 mm which signifies that we have a close fit to the data.
functions of finger angles. Thus, we have a functional mapping between joint angles

and muscle excursion.
Ill. METHOD FORDATA COLLECTION AND ANALYSIS

&

We have developed a system identification technique that ™
can identify the moment arm matrix of any dimension (any *
number of muscles and any number of joints moving simul-
taneously). For this paper, we present the specific methodse;
we used to provide results from 2 finger joint angle (MCP "
flexion-extension and abduction-adduction) and all 6 muscle
excursions variations.

The muscle excursion data was collected by measuring (a) FDP excursions (b) PI excursions

the angular rotations of motors using encoders on the motor . .
haft. The ioint le dat llected . fi Fig. 3. FDP and Pl muscle excursions as functions of MCP angles. The
shart. € joint angle data was collected using a Mmotokyic surfaces were fitted using the finger motion data shown in dots. The

capture system (Vicon 360). The motion capture was set wpgle variations are in degrees.

to record motions involving all four joint angles, although in

the experiments for this paper, two joints were restricted with

a splint. Fifteen markers were placed on the ACT finger suck Moment Arms

that marker occlusion was minimized during movements. Using the above-mentioned functional relationship be-

The XYZ positions of the markers were recorded at 120Hzyween joint angles and muscle excursions, we computed

and finger joint angles were determined by using an anglaoment arms using Equation 3. Figure 4 shows examples

determination algorithm built into the Vicon software. of moment arms for the muscles FDP and PI. The moment
The ACT finger was then moved manually in the availablarm for FDP in abduction-adduction changes sign as flex-

range of motion of MCP abduction/adduction and flexion increases, while the moment arm for FDP in flexion-

ion/extension. To ensure complete coverage, we started eattension decreases as flexion increases and is symmetric

the maximum MCP extension and moved the finger backbout the neutral abduction angle. The moment arm for PI

and forth in the abduction/adduction plane multiple timesn abduction-adduction varies little with abduction-adduction

We repeated the same movements at multiple levels of fingeut changes in sign as the flexion angle increases, while the

d(\“c‘\ 225
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TABLE |
MUSCLE EXCURSIONSIN MM ) FOR100DEGREES OF JOINT ANGLE CHANGE

El PI FDP | LUM FDS RI
Abduction-Adduction ~ ACT Hand| 2.22 | 15.35| 2.25 | 18.65| 1.73 | 11.65
Cadaver 3.48 | 10.17 | 292 | 810 | 3.99 | 11.46
Flexion-Extension ACT Hand 19.92 | 11.3 | 20.08 | 6.15 | 16.38 | 11.94
Cadaver | 15.07 | 7.87 | 18.98 | 15.26 | 21.04 | 5.88

moment arm for PI in flexion-extension shows dependenca Validation

on both flexion-extension and abduction-adduction angles. The moment arm matrix determined by our methBd
Table Il gives the mean, maximum and minimum values Gfay be used to predict the joint angles given the muscle
the moment arm for all six muscles. All the moment armgycyrsions using the relationship

show large variations with respect to both MCP angles. The
variations in FDP and FDS are lower than the variations in 0 — /qu'dt_ (5)
moment arms in other muscles. This may be due to the fact

that the PIP and DIP joints are constrained. To validate our moment arm matrix, the ACT index finger
was moved in a test path while we collected muscle excur-
sion and joint angle data. Fingertip position was calculated
using joint angles determined by using Equation 5 and also
using angle data collected. Figure 5 shows the comparison
of the estimated path and true fingertip path. The figure
also shows a path predicted using a constant moment arm
matrix R. measured from the ACT finger design drawings
as given below

0.10
8.05
2.97
5.87
A 1.68
9.35

9.80
2.92
6.43
5.54
5.59
1.42

The path estimated using matches better with the true

(a) FDP moment arm wrt. MCP altp) FDP moment arm wrt. MCP
ad flex-extend
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(c) PI moment arm wrt. MCP ab-a@) Pl moment arm wrt. MCP flex-
exend

path ¢2 value = 0.92) when compared with the path esti-
mated using

R. (r? value = 0.66), and the mean error is smaller
(path error usingR: 8.99 + 6.40(sd) mm, and path error
using R.: 48.63 £ 25.50(sd) mm). Note that with closed-
loop estimation, the potential exists to minimize path error

further usingR.
Fig. 4. Moment arm variations for FDP and Pl muscles as functions MCP

angles. The angle variations are in degrees. D. Cadaver Data Comparison
Only limited cadaver data is available for moment arm
variations for single joint motions and there is no data at all
In general, the moment arm in the primary direction ofnvolving multiple joint angle variations. We compare our
motion of a specific muscle increases in magnitude withesults with results from [2] which is referenced and used
the increase in primary angle. Moreover, the shape of theidely in the biomechanics community. Table | shows the
moment arm variation across the adduction/abduction angleuscle excursions with 100 degrees of MCP joint changes
does not change with the flexion angle (see Figure 4(a)). Ffor a cadaver hand and the ACT Hand. Interestingly, the
example, the flexion moment arm magnitude for a muscleend that the extrinsic muscles show large excursion for
involved with flexion increases as the fingers flex, but thé@exion-extension and intrinsic muscle show large excursion
sign of the muscle contribution does not change. In contrasgr abduction-adduction was similar in both our data and
the moment arm in the non-primary direction of motion forcadaver data.
a muscle (i.e. adduction/abduction for FDP) changes sign asTo compare with the single angle variation data [2] we
flexion angle increases (see Figure 4(b)). generated slice plots from our varying moment arms by



TABLE I
MOMENT ARM (IN MM ) MEAN, MAX AND MIN FOR ALL SIX MUSCLES DUE TO CHANGESMCP ANGLES

Ab-Ad Flex-Extend

mean max min | mean max min

El 0.24 6.61 -7.33| 11.56 14.79 9.29
PI 5.80 14.45  -11.28 -7.69 0.02 -14.6
FDP | -0.72 3.23 -4.15| -11.18 -9.36 -13.34
LUM 8.03 11.66  -12.01] 2.17 11.29 -7.5
FDS | 1.66 5.64 0.61 | -8.50 -5.69 -12.41
RI 6.30 14.04 -6.97| -6.35 1.64 -12.63
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keeping one angle constant at a time. Figure 6 shows a -6

comparison of the slice plots with the plots using cadaver %y cion aje (degreos) ® actucton angle (denroes)
data which are adopted from [2]. Note that the cadaveric plots

were generated using data from only one female specimen.
The moment arm values are higher in our case due fig. 6. Variations of moment arm as function of one MCP as the other
|arger size of the ACT Hand compared to the Cadavé\flCP angle is fixed for a cadaver hand [2] and for the ACT Hand.

hand. The trends for moment arm variations with flexion

angle match for El (zero slope), FDR-@{.1mm/degree

slope), FDS £0.1mm/degree slope) and R+-(.1mm/degree contribution to movement. In essence, this is the same as
slope). The trends for moment arm variations with adchanging from a forward to a reverse gear in a transmission.
duction angle match for PI+0.05mm/degree slope), FDP This change combined with the increase in moment arms
(+0.05mm/degree slope), FDS-(.05mm/degree slope) and with greater flexion noted above indicate that particular
Rl (+0.05mm/degree slope). The differences in variationg§uscles become accessory or supporting muscles in the
in LUM and Ul with flexion angle and LUM and El non-primary direction of motion. For instance, the FDP
with adduction might have arisen due to differences in thkendon seems to be able to assist in adduction/abduction in a
structure of LUM in the cadaver hands and the ACT Handidirectional and non-uniform manner. In the regions where
The ACT lumbrical tendon and associated motor is attachdfie moment arm is positive, increased tension in the muscle
to the equivalent of a skeletal anchor point. In contrast, theill contribute towards movement away from the centerline
lumbrical tendon and associated muscle in human hands d¢he non-primary direction. Conversely, increased tension in

(c) Cadaver (d) ACT Hand

attached to another sliding tendon. the muscle where the moment arm is negative will contribute
towards movement towards the centerline in the non-primary
V. DiscussioN direction. Further studies into this phenomenon would show

As tendons can only pull, the tendon can only affecto \_/vhat degree and in which p_atterns muItipI(_a muscles co-
motion in a single direction. However, as the sign of th@ctivate to modulate the fingertip force and stiffness.
moment arm changes, tension on the tendon reverses thénterestingly, the location of moment arm sign change is
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constant moment arm assumption would lead to a flat surface
for flexion torque. Our moment arm data suggests that the
hand’s ability to produce torque at the MCP joint increases as
flexion and adduction angle increases. Physiologically, this

allows the finger to produce the maximum palmar force when

the finger is flexed and adducted.

By exploring the utility of moment arm variations in
achieving hand movement control, we plan to further the
understanding neuromuscular control of human hands. Also,
we plan to investigate how moment arm variations affect
hand dexterity and manipulability. Determination of moment

Flexion-Extension

arm variations would help in testing the viability of hand

implants [24], [11]. It would be an important part of bio-
Fig. 7. Contours of FDP moment arm with respect to ab-ad angle. Th¢yechanical model of finger dynamics [8], [18] and con-

zero contour is dependent on finger configuration defined by MCP angleﬁf.oI

are

[16]. So far, tendon arrangement and grasping abilities
analyzed with the assumption that moment arm is con-

non-constant. Figure 7 shows the zero level contour for it [14], [21], [5], [20]. Our results will help to update
adduction/abduction moment arm of the FDP muscle. Atpese studies to model anatomical hand motions. Moment

a given flexion angle, the moment arm changes sign ové

fm determination will play an important role in developing

adduction/abduction (i.e. the transmission changes directi®fXt 9eneration of hand animations [1] and simulations [28].

from forward to reverse). It is interesting to note that this
phenomenon occurs in the moment arm of the non-primary
direction of motion.
) . 1]
Since the magnitudes of the moment arms generall);
increase with flexion angle (or in other words, the trans-
mission ratio increases as the hand flexes), the variation i)
moment arm found above may be able to elucidate specific
regions or hand poses where dexterity or force productions]
ability is higher. Figure 8 shows variation in MCP joint ‘

(5]

(6]

=4
%

(7]

0.7

0.6

Normalize torque

0.5
04

(8]
El

Fig. 8.  MCP joint torque in the flexion (X) direction for various finger [10]
configuration as all six muscles are fully activated. The flexion torque is
maximum when the finger is adducted and flexed.

[11]
torque in the flexion (around X axis) direction for various
finger configurations as all six muscles are fully activated;
This surface was created by using the relationship =
> —(R(4). fm(1),,,.) Whererx is the flexion torqueR(i) is
the non-constant moment arm féf muscle andf,,, (i), ..
is the maximum pull force generated by muscl@he max-
imum force values were used from the literature [21]. Thi
figure illustrates how the variations in moment arms affe
the ability to produce force depending on joint angles. A

[13]

4]
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