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hr; height of connection tube part of link i
ho; height of one coil of link 1

a;  length of side of coil in y-direction of link i
attention: a; has double meaning

b;  length of side of coil in z-direction of link i

d; distance between two coils of link 1

[;  position of center of coils of link i

MM mass of magnet part of link i
mo; mass of connection tube part of link i

mo; mass of one coil of link 1
re,  position of center of mass of link i along X axis from origin of frame {}
m; mass of link i
I; modeled inertia matrix of link i

{C;}  frame with origin at the center of mass of link i and same orientation as frame {¢}
k  kinetic energy of one finger
k;  kinetic energy of link i
u  potential energy of one finger
u;  potential energy of link 1
g  gravity vector
P, position of frame {i}
Kr  torque constant
Ky motor constant
M(6)  inertial matrix
V(e, 9) coriolis and centripetal torques
G(6)  gravitational torques
f;  desired position
6,  desired velocity
éd desired acceleration
6@  position measured with hall sensors
9 velocity computed from sampled position data
K, 3 X 3 matrix with position gains k,
K, 3 x 3 matrix with velocity gains k,
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Figure 33: Direct drive hand graphics interface picture 3

distance from Xi—l to XZ measured along ZAZ

angle between Xi—l and XZ measured about ZAZ
finger base frame

finger link frames

tool frame (fingertip)

palm base frame

matrix composed of vectors that describe the position of the
frames {F}} in relation to the frame P

actuator angles (0°...90°)

frame angle 6; to actuator angle ; conversion factor
intermediate frame for forward kinematics
intermediate frame for forward kinematics

x coordinate of fingertip

x coordinate of fingertip

angle between the X axis of the fingertip and the X axis of the palm
linear velocity of frame {:}

angular velocity of frame {¢}

inertia matrix of magnet part of link

inertia matrix of connection tube part of link
inertia matrix of 2 coils

radius of magnet part of link i

height of magnet part of link i

radius of connection tube part of link i
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Figure 31: Direct drive hand graphics interface picture 1

Figure 32: Direct drive hand graphics interface picture 2
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Figure 30: Direct drive hand graphics interface: View screen orientation

The orientation of the view screen relative to the hand is shown in Figure 30. The
picture also visualizes how the rotation of the view screen works.

The direct drive hand interface can be used to grasp an object manually by ad-
justing the angles at each link. Also it is possible to place the hand in a certain
configuration without an object. The screen visualizes where the position of the hand
is according to the calculations. Due to compliance this position may be different
from what the position of the real hand is. Thus we have a tool for the development
of grasping algorithms and can verify how they work in theory and how they live up
to their expectations in practice.

G List of variables and declarations

X; unit vector that points along the perpendicular between ZAZ and ZAZ-_H
from link 1 to link i+1

AZ' unit vector that is derived from link XZ and ZAZ according to the
right hand rule

Z:  unit vector that points along the joint axis 1

a; distance from ZAZ to ZAZ'_H measured along XZ
attention: a; has double meaning

o angle between ZAZ and ZAZ-_H measured about XZ
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Close Hand Closes the hand completely (¢; = 90° for all links and fingers)
Point Finger The hand points at something with finger number 2.

Count 1 Extend finger number 1. All others are closed.

Count 2 Extend finger number 1,2. All others are closed.

Count 3 Extend finger number 1,2.3. All others are closed.

Count 4 Extend finger number 1,2.3,4. Finger 5 is closed.

Count 5 Extend finger number 1,2,3,4.5 (same as Open Hand).

To control the hand the following data can be entered:

L1:, L2:, L3: 6§, for all fingers and links 1 through 3.
X:, Y: z,y planar coordinates for all fingers.
gamma: v orientation of the fingertip.

tf: ¢, time to complete trajectory.

kpl:, kp2:, kp3: £, position gains.

kvl:, kv2:, kv3: k, velocity gains.

gx:, gy:, gz: ¢ gravity vector for palm of hand.

et:, ea:, ev:, ep: ¢, ¢4, €,, ¢, maximum errors for simulation of torque, accel-

eration, velocity and position.

Postscript Filename: Sets the filename onto which the graph with the required
current for finger 2 (link 1 through 3) is written during simulation. A graph will

only be written during simulation if a filename is set.

Maximum Current for Graph: Sets the maximum current that will be shown

on the graph.

The following data is displayed by the DDHGI:

IM1:, IM2:, IM3: I,..:1,0m002,1mar3 maximum currents that occured during

the trajectory for all fingers and links 1 through 3.

Z: z coordinates for all fingers.
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F.2 DDHGI Features
The following buttons are provided by the direct drive hand graphics interface:

e Quit The program will be terminated if the user presses this button.

e Simulation Once this button is pressed the trajectory for all links are calculated

and the control algorithm can move the hand according to this trajectory. The

starting points for the trajectories are the actual hand positions. Endpoints of

the trajectory are derived according to the following rule. Whenever an angle of

the hand is changed the program remembers this fact and sets the endpoint of

the trajectory according to the joint angles. When the Cartesian coordinates are

changed, this too is remembered and the endpoints are set accordingly. If both

are changed precedence is given to the joint angles. The length of the trajectory

is determined by the final time that can be set individually for all fingers. If

a final time of 0 is set then no trajectory will be calculated and the simulated

hand will be moved instantly to its new position.

e Perspective The hand can be viewed with and without perspective. This button

toggles the perspective mode on or off.

e Move Horizon In The position of the horizon moves closer to the view screen

by a preset amount.

e Move Horizon Out The position of the horizon moves away from the view

screen by a preset amount.
e Move In Zooms in on the hand.

e Move Out Zooms out from the hand.

e Rot X Right Rotates the origin of the view screen around the X axis to the

right.

e Rot X Left Rotates the origin of the view screen around the X axis to the left.

e Rot Y Right Rotates the origin of the view screen around the Y axis to the

right.

e Rot Y Left Rotates the origin of the view screen around the Y axis to the left.

e Rot Z Right Rotates the origin of the view screen around the Z axis to the

right.

e Rot Z Left Rotates the origin of the view screen around the Z axis to the left.

e Home The view screen returns to its home (original) position.

e Open Hand Opens the hand completely (¢, = 0° for all links and fingers)
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Figure 29: Direct drive hand graphics interface: view screen
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+50V

Direction 3 6 5 Output 1
Input
+5V
(High) LMD Coil
PWM 5 11
18201
10 Output 2
Thermal Flag 9 8
Output 4 7
GND
Breakf |
—— Signal Ground
50% duty cycle 75% duty cycle 25% duty cycle
Direction
Input

+50V r r —

VOl—OZ

50V 4 U ]
average load average load average load
current = 0 current flows current flows

from output 1
to output 2

from output 2
to output 1

Figure 27: LMD 18201 3A, 55V, H-Bridge
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E Control circuit

The control circuit that will be used to supply current to the coils is shown in Figure 27.
Pin 5 controls the amount of current supplied to the coils via pulse width modulation.
The current is proportional to the duty cycle of the signal at pin 5.

F Direct drive hand graphics interface

The Direct drive hand graphics interface (DDHGI) was developed specifically for the
direct drive hand. It simulates the movement of the hand and can be upgraded to
include control of the actual hand once the control hardware is completed and the
Hall sensors are included into the hand. It provides a tool for checking different
control algorithms and estimation of maximum current requirements.

F.1 DDHGI Windows
The DDHGI consists of two windows:

e the control panel (Figure 28)

The control panel gives the user the means to control the position of the view
screen relative to the hand position as well as the means to control the position
of the hand itself. The user can control each individual joint of the hand by
entering the desired angle and pressing the Simulation button. Buttons to move
the hand into a number of preset positions (e.g. open hand, close hand, point
finger) are also provided. Furthermore we can change the physical orientation of
the hand in space by varying the gravity vector. The characteristics of the control
algorithm can be changed by entering different position and velocity gains. The
maximum error that is introduced to torque, acceleration, velocity and position
can also be changed.

e the view screen (Figure 29)

The view screen shows the current position of the hand. The hand position is
drawn schematically. Each finger is shown by drawing a line from the origin to
its knuckles, from the knuckles to the first link, from the first link to the second,
from the second to the third and finally, from the third link to the fingertip. This
provides all the necessary information and provides and easy method to check
for accurate control if the hand is viewed sideways without perspective. The X
axis of each link is in the direction of the line going from one link to the next,
or from the final link to the finger tip. The Z axis is along the axis of rotation
of each link and the Y axis is perpendicular to both the X and Z axis.
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—61181'9'1 — a2312(91 -|-'9'2)
= ajc161 + azer2(01 + 62)

0
cigz  —S123 0 _ G13239_1 + a?33(91 + 92) ) )
Qvr = gR Top = 5123 cra3 0| | arcasb + aszes(bh + 62) + as(6; + 6, + 65)
0 0 1 0

—61181'9‘1 — a2312(91 -|-'9‘2) — G38123(é1 -|-'9‘2 -|-_é3)
= ajc101 4 aze12(01 + 62) + ascizs(6y + 02 + 63)
0

D.2 Jacobian

The Jacobian transforms the joint velocities 6 to the linear and rotational velocities.

oy = lj;] —°J(6)8

Since each finger is a planar manipulator we only need to consider the linear velocity
vector.

Tor = TJ(6)8 ,
a1S23 + 283 Q283 0 61
= a1¢a3 + azcs +as  azes+az as |- | 0

0 0 0 6,

For the Jacobian in the frame {0} we get:

ci2a  —sS123 0 a1S23 + 283 Q383 0
0 op T
J(O) = 3R-"J(0)=|s123 ci23 0| -|aicos+ases+as ayes+as as
0 0 1 0 0 0
—a151 — A2S812 — A35123 —A2S512 — A35123 —A35123
= a1¢1 + azciz + azcias a2C12 + ascia3 a3Ci23
0 0 0

D.3 Static forces

To exert a static force °Fr at the fingertip we can use the transpose of the Jacobian
to calculate the required torque at each joint.

I R
—a181 — Q2812 — A35123 A1C1 + A2C12 + azciaz 0 fz‘
= —Q32512 — 435123 €12 + a3C123 0] - fy

—a35123 a3C123 0 0
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C2o 59 0 0 a132é1
202 == — 82 Co 0 a191 == CL1€291
0 0 0 0 0
[0
2wy, = 0
| 61 + 6, )
C3 S3 0 a13291 0 as
3’03 = —S83 C3 0 a10291 + ) 0 ) X 0
0 0 1 0 6, + 0, 0

—G15239:1 + G253(9:1 + 92)
= ajcasby + azes(01 + 62)

i 0
[ 0

wg = |0
| 61 + 62+ 65

Finally the velocity of the tool frame (the fingertip) is given by:

_CL13239:1 + G233(9:1 + 92) 0 as
Tor = | arcasbh + azes(6r + 65) | + ' 0 | x]0
0 6 + 6, + 65 0

' G13239; + 6283(91 + 92) ) )
= | aicesby + azes(61 + 62) + as(6; + 02 + 63)
0

Twy = “wy

To get the velocity of the finger joint origins and the fingertip in relation to the
frame {0} of the hand, we multiply the velocity v with the corresponding rotational
transformation.

0
0
0

ci2 —s12 0 C1152‘?1 —G131‘91
0 0 2
Vo = 2R s U = S512 C12 0 . aq 6291 = aq 6191

vy =

0 0 1 0 0 '
cizz —3S123 0 G1323Q1 + (1233(?1 + 92)
Qv = gR g = (5123 €123 0) : |:G102391 + azes(6h + 62)
0 0 1 0
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0 — cosl (Fop —azcosy)* + (Fyr — azgsiny)? — a? — a2
2 2@1@2

and

a; = ai—l—ccl;—Zczzldcos(ﬁ—Gl)
a’y + —a
cos(f —61) = =S5 o

gives a solution for 6;:

2, 72 2
ai +d* —a;

0, = —cos™!
1 B — cos ( Sard

— tap! (g) Y L
T 2a,d

i (2) —oorrt (AL Cor oo+ Cop —ansin)
x 2a, \/(F;UT —azcosy)? + (Fyr — azsiny)?

Finally we get for 6s:

03 =~ — bi(xr,y1,7) — O2(x7, 91, 7)

Now we can get the correct angles ¢; as needed for the controller:

Y1 = 91 —
Y2 = 6,
v = O3+«

D Dynamics of hand

D.1 Velocities

The velocity propagation from link to link is described by the following two equations
Hlor = TPR("v; 4wy x "Pryy)

for the linear velocity, and
Z'—l_l’wz‘-|-1 = §+1Ri’wi + éi-l—li—l—IZAi—l—l

for the angular velocity.
Now we can calculate the velocities of the joint origins for the fingers:
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Yy

y'=agsin(180-))= asiny
X' = 8,c08(180-)=-a£0s ¥

= = {0}

Figure 26: Inverse kinematics angle relations

the frame {P}. So we are looking for the coordinates 6;(z7,yr, ), O2(z7, yr,7), and
Os(xr,yr,y) expressed in terms of xr, yr, .

From Figure 26 one can easily see that v = 6, + 62 + 65. Since the angle ~ is given,
the origin of frame {3} is positioned at

= F$T+$/:F$T—G3COS’)/
F ! F :
yr —y = Yr —azsiy

For Py
F P
yr _ yr
where y = bt Y
F I P
zZT zZT
1 1

We get for the distance d:
& = 2?4y
Here we can make a solvability check by testing if d < ay + as.
By the law of cosine we get for the triangle A, .4

d* = a} + a2 — 2ayay cos(180° — 6,) = a} + a3 + 2a;a; cos b,

which gives us a solution for 6,:

d?> —a? —a?
cosf, = #
2&1@2
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B.5 Fingertip to palm transformation

Now we are ready to derive the transformation that transforms vectors defined in the
tool frame {7} of the fingers to the palm frame {P} of the whole hand.

nT = pT-5Tr-3T  j=2,3,4,5

0 0 sz C123 —S123
10 ij) 3123 0123
0
0

0

0

1

0

1 0 asciz + are 1 0 0 a3
_ 0 0 a9s12 + a1s 01 0 O
- 0 1 fi 1 0 0 0 1 0
0 0 1 0 1 0 0 0 1

asci23 + azc12 + a1c1 + iz
a3S5123 + @812 + a151 + fiy

f]Z
1

C123 —S123
5123 €123

0 0
0 0

B.6 Thumb tip to palm transformation

To transform the tool frame of the thumb {77} to the base frame of the palm {P}
we have to use the transformation ng because the thumb is rotated 180° about the
palm’s Y axis.

nT = 5737w 3,7
-1 0 0 fiz ci2s —s123 0 asciz+aicy 1 0 0 as
. 0 1 0 f]y 5123 C123 0 as812 + a1s1 0 1 0 0
o 0o -1 fi,] | O 0 1 0 001 0
0 0 0 1 0 0 0 1 0 0 0 1
—C123 5123 0 —as3Ci23 — UA2C12 — A1C1 + sz
_ S123  c123 0 ass123 + a2812 + a151 + fjy
0 0 -1 -
0 0 0 1

C Inverse kinematics

Inverse kinematics is the problem of calculating the joint angles ¢; for the finger,
given the desired position and orientation of the fingertip. Each finger of the hand
is basically a three link miniature planar manipulator. It has 3 degrees of freedom:
one for the angle of the fingertip and two for the position of the fingertip in the plane
spanned by the finger. Let 7 denote the angle between the X axis of the fingertip
and the X axis of the palm, and let Pz, Pyr denote the position of the fingertip in
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Figure 25: Finger link transformation

cosf; —siné;
iTw, = Ry(6;) = 0 0

0
sinf; cosb; O
1

0 0 0

_ o O O

So we get for the transformation from one joint to the next:

cosf;, —sinf;, 0 a;_;
o1 il R _ | sin¢; cosf; 0 O
cn =t s =1 0 1 0
0 0 0 1

B.4 Finger transformations

Since we now have all the link transformations we can derive the transformation that
relates frame {3} the final frame of the finger to its base frame {0}.

We will be using the conventions that ¢125 = cos(6; + 62 + 03) and s123 = sin(6; +
6, + 63); up to two angle identifiers may be omitted.

gTF] = ?TF]%TFJZE)TF] j:2737475

cgt —s1 0 O c; —s9 0 a c3 —s3 0 a
_ st ¢ 0 0 s ¢ 0 0 s3 ¢33 0 0
- 0 0 1 0 0 0 1 0 0 0 1 0
0 0 0 1 0 0 0 1 0 0 0 1
ci23  —s123 0 agein +areq
o S123 ci23 0 agsi2+ ais;
0 0 1 0
0 0 0 1
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The transformations from the palm base to the finger base frames are given as
follows:

100 fu
P _ N — 010 ij ) i
F]T—_DF](fJ)— 00 1 f. where 7 =2,3,4,5.
0 0 0 1
The transformations from the palm base to the thumb is given by:
-1 0 0 fi
0o 1 0 f
P _ . . oy _ 1y
FlT_DF1(f1) RY( 180 ) 0 0 —1 le
0 0 O 1

with

—3.0 145 145 145 145
1.8 04 04 04 04 |cm
5.0 75 25 =25 =75

f

B.3 Finger link transformation

In order to derive the transformation matrixes needed for forward kinematics we will
first be deriving the transformation matrixes for each finger link. To simplify the
analysis we define one intermediate frame {R;} for each link ¢. Let {R;} be the frame
that we get by translating { P,_;} by the link length a;_;. Frame {P;} now differs from
the intermediate frame {R;} by a rotation 6, with

b6 = p1+a
6, = ©2
93 = 993 —
with a = ~ —tan~! <i> ~ 0.0588 ~ 3.37°
4 4.5

where ; describes the joint angles 0 < ¢, < 90° with 1 = 1,2,3.
Thus the transformation which transforms vectors defined in the frame { P} to
their description in {*"'P} is given by:
TP = §'Tw - [Tr P j=2,3,45
or slp = z-_lTFj P

Where we have the following for the intermediate transformations:

1 0 0 ay
i 010 0
Rl = Dxla) =14 o4

000 1
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{3

{2

{F}={0}

Figure 23: Frame definitions

2}

Note:
TheY-axis comes
out of the paper.

{R}

Figure 24: Palm frame definitions
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B.1 Link parameters

We describe our direct drive hand in terms of the Denavit-Hartenberg notation and
follow the link parameter description of Craig [3]:

a; distance from ZAZ to ZAZ'_H measured along XZ
a; angle between ZAZ and ZAZ-_H measured about XZ
d; distance from Xz-_l to XZ measured along ZAZ
6; angle between X}_l and XZ measured about ZAZ

where Z; is the unit vector that points along the joint axis 1, X; is the unit vector that
points along the perpendicular between Z; and Z;;; from link i to link i+1. Finally Y;
is assigned according to the right hand rule.

Link parameters for one finger:

1| a1 | @1 d; | 6;
110 0 0|6
210 6.0cm | 0 | 6,
310 6.0cm | 0 | 65
410 5.5cm |0 | 0

B.2 Frame definitions

For the calculations we use the following convention for naming the frames:

e The finger base frame {F}

Each {F}} is located at the position on the palm where the knuckles are. {F} is
stationary at all times.

e Frames {0} through {3}

The finger link frames are numbered {0} to {3}. The frame {0} is identical to
the finger base frame {F}. {3} is the frame of the last link.

e The finger tool frame {T}

The frame {T} is affixed to the tip of the finger. It’s transformation from the
finger link frame {3} is given by

1 0 0 as
—_— o100
rT=Dxla) =y g 1 g
00 0 1

e The palm base frame {P}
The frame {P} is affixed to the palm as shown in Figure 24.
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Figure 21: Hand assembly

Figure 22: Side view of palm
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Thumb

Figure 19: Magnet distribution

i 3.5cm

2.5cm

Figure 20: Side view of link
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Magnets of Link 3: M| L
Weight 0.195N
Magnets of Link 2: S| L|L
Weight 0.265N i
Magnets of Link 1: MMl L L
Weight 0.325N
1/(4_in>ch 1/21_i> nch 3/ 1(9) nch
1/2 17/32 17/32
inchl | L inch inch | M
Total number of Magnets:
Small: 10 ~ $3.00 each
Medium: 15 ~ $3.50 each
Large: 60 ~ $4.00 each
Total: ~ $292.50

Figure 18: Magnet sizes
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Figure 17: Finger to palm connectors

for the coils as well as a method to fasten the connection wires onto the coils. We
encountered many problems due to wire shortings or wire ripping during use of the
hand. The electrical tape seems to be the solution that worked the best.

After all the parts are completed, the magnets can be inserted according to the
magnet distribution of Figure 19 and sizes according to Figure 18 into the magnet
tubes. Next the coils can be put onto the bases. Then the links can be connected as
shown in Figure 20.

A.2 Palm and hand construction

The palm is made out of 4 long brass tubes that resemble the bone structure of the
human hand. Three pieces of brass plates were used to hold the brass tubes in position.
These plates are soldered onto the tubes which gives quite a strong construction. We
drilled a hole through the two brass plates closest to the wrist so that the hand may
be fastened onto a conventional robot wrist. The fingers were placed on the palm as
shown in Figure 21. Each finger is fastened onto the palm by inserting link 1 into the
palm and fastening it with a screw. The side view of the palm is shown in Figure 22.

Initialy it was planned to mount the thumb at an angle of 90° on the palm. Un-
fortunately the fingers turned out to weigh more than what was expected. Since the
torque at the fingers is not sufficient (within a reasonable power requirement) to lift
the fingers into a horizontal position if the inside of the palm is showing downward,
the thumb had to be mounted coplanar to the other fingers.

B Forward kinematics

One of the problems in the operation of a mechanical manipulator is how to calculate
the position of the end effector if one knows the orientation of all links. This problem
is known as forward kinematics.
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0.8cm 0.8cm
T a. b, T c. o d.

5cm

O

o5cm ' € v

2.5cm
3.5cm 3.5cm

Figure 15: Base plate

workspace in each link. The base derives its size so that it can embody the magnet
tube as well as the connection tube with a 90° workspace.

A.1 Finger construction

The bases are constructed out of a 0.01 inch thick brass plate. A simple metal scis-
sors can be used to cut out the required size. Once the brass plate has the correct size,
we cut a total of 16 incisions each of 5mm length along the side of the plate as shown
in Figure 15. Next we bend the plate at positions a.b,d,e,f.g h.i downwards. Once this
is accomplished we bend the brass plate along the lines j and k also downwards. After
the 8/32 holes are drilled into the base, its construction is complete.

For the bone-like structure we use brass tubes. These tubes are cut into the
appropriate length as shown in Figure 16 .Next we grind a tube shaped hole into
the end of the connection tube. The connection tube and the magnet tube are then
soldered together. As a next step we drill a 4/40 hole into the magnet tube at the
point where the axis is going to be. On both sides we then solder brass nuts. After
this 1s done we grind down the 45° angle on the connection tube. Finally we solder
the base and the connection tube together as shown in Figure 16. The finger tip is
constructed in the same way as an ordinary connection tube and magnet tube. The
only difference is that it is slightly longer.

For the fabrication of the coils we used a drilling machine with a custom form for
the coils. We used a drilling speed of 380RPM and wound different sized coils for

links 1,2 and 3 for 2min, 1.5min and lmin respectively. After the coils were completed

we wrapped them in electrical tape that can withstand 105°C. This provides isolation
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Figure 12: 4 parts constitute a finger

A Construction of hand
One finger consists of 4 parts (Figure 12):
e Base with connection to palm,
e two links,

e and the finger tip.

A fully extended finger is shown in Figure 13. One finger completely bent inwards
(as in a fist) is shown in Figure 14. The thumb is identical to the other fingers.

The size of the individual fingers and the final hand is due to the size of the magnets
that are embedded inside the magnet tubes. These magnets have a diameter of exactly
1/2 inch. Since our goal was to construct a human-like hand we had to achieve a 90°
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theoretical and experimentally. Also a graphics interface has been developed for the
hand.

The construction of the hand has given valuable insights to the development of a
more precise and human sized direct drive hand. Another even smaller sized prototype
finger has been built by Prof. Richard Wallace and Louis Arauz. Fred Hansen has
begun to construct universal links that will be used for a precision direct drive hand.
These links are highly symmetric about the X axis and can thus lead to more accurate
modeling and control.

Using the kinematic calibration method by An et al. [10] one should compare how
error levels in the kinematic and dynamic parameters scale from large robotics devices
to miniature robotics devices. The comparison of computed torque control and feed
forward control for miniature direct drive devices also needs to be made.
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Figure 10: Torque over time for U=20V 7[1073Nm](t[s])
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Figure 11: Temperature over time for U=20V AT[K](t[s])
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Figure 8: Torque over time for U=40V 7[1073Nm](t[s])
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5.6 Changes in torque as coils heat up

Usyp = 40V
Link 1 U,,; = 38.2V Link 2 U,y = 374V Link 3 U,y = 36.3V
t I Trmaz | AT™) I Tmaz | A1) I Trmaz | AT™)
() | ) | ao-snm | ) | ) | omswmy | %) | a) | ao-sNm) | ()
0 1.18 87.6 0| 1.71 73.5 0| 2.50 61.2 0
51 1.17 86.4 3.96 | 1.67 71.4 5.81 | 2.32 57.0 19.3
10 | 1.15 84.6 8.72 | 1.59 68.6 18.6 | 2.20 54.6 35.1
15 ] 1.13 82.8 13.5 | 1.54 66.5 27.9 | 2.08 51.6 52.6
20 | 1.11 81.6 18.2 | 1.50 65.1 34.9 | 1.98 49.8 66.7
25 | 1.09 81.0 23.0 | 1.45 63.7 45.3 | 1.90 47.4 80.7
30 | 1.08 80.4 26.2 | 1.42 62.3 51.1 | 1.84 45.6 91.3
35 | 1.06 79.8 30.9 | 1.39 61.6 58.1 | 1.79 44.4 | 102.0
40 | 1.05 79.2 34.1 | 1.35 60.2 67.4 | 1.74 43.2 | 112.0
45 | 1.04 78.6 36.5 | 1.33 5H8.8 72.0 | 1.70 42.0 | 121.0
50 | 1.03 78.0 39.6 | 1.30 58.1 80.2 | 1.66 41.4 | 130.0
55 | 1.02 77.4 42.8 | 1.29 57.4 82.5 | 1.63 40.2 | 137.0
60 | 1.01 76.2 45.2 | 1.27 56.0 87.1 | 1.60 39.6 | 144.0
Usup = 20V
Link 1 U,y = 19.0V Link 2 U, = 18.7V Link 3 U, = 18.0V
t I Tmas | AT7) | 1 Tmas | ATT) | 1 Tas | AT
(s) (A) | (107N m) (K) | (A) | (1073Nm) (K) | (A) | (103N m) (K)
0| 0.651 45.0 0 0.90 36.4 0131 33.0 0
10 | 0.646 43.2 1.74 | 0.88 35.7 6.12 | 1.26 31.2 11.1
20 | 0.640 42.6 4.36 | 0.86 34.3 11.0 | 1.21 30.6 22.3
30 | 0.633 41.4 6.97 | 0.84 34.3 18.3 | 1.18 29.4 29.7
40 | 0.627 41.4 9.59 | 0.83 33.6 20.8 | 1.15 28.8 37.1
50 | 0.621 40.8 12.2 | 0.81 33.6 28.1 ] 1.12 28.2 44.6
60 | 0.615 40.8 14.8 | 0.80 33.6 31.8 | 1.09 27.6 52.0
70 | 0.611 40.2 16.6 | 0.79 32.9 35.5 | 1.07 27.0 57.6
80 | 0.607 40.2 18.3 | 0.78 32.9 39.1 | 1.06 26.4 61.3
90 | 0.602 39.6 20.9 | 0.77 32.9 42.8 | 1.04 25.2 66.9
100 | 0.598 39.6 22.7 ) 0.77 32.2 42.8 | 1.02 25.2 72.4
110 | 0.594 39.0 24.4 1 0.76 32.2 46.5 | 1.01 24.6 76.2
120 | 0.590 39.0 26.1 | 0.75 32.2 50.2 | 1.00 24.6 79.9
130 | 0.587 38.4 27.9 | 0.74 32.2 55.0 | 0.99 24.6 83.6
140 | 0.584 38.4 28.8 | 0.74 31.5 55.0 | 0.98 24.6 87.3
150 | 0.581 37.8 30.5 | 0.73 31.5 58.7 | 0.98 24.6 87.3

*) calculated data according to R = Ro(1 + oAT') with o = 0.00393+

6 Conclusion and ongoing research

We have designed and built a direct drive hand that is only about twice the size
of a human hand. The properties of the hand have been analyzed thoroughly both
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Figure 6: Torque constant K7[10722](6[°])
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Figure 7: Motor constant K, [1073 %](9["])
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Link 2 Finger 1: R = 22.1Q

U(v) I[(A) | 7(107°Nm) | 7(107°Nm) | 7(107>Nm) | 7(107>Nm) | 7(107>Nm)
p=0° p =22.5° @ = 45° @ =67.5° @ =90°

2.5 0.11 0 2.1 4.9 2.8 0
5.0 0.23 2.8 4.9 9.1 6.3 3.5
7.5 0.34 5.6 9.8 12.6 10.5 6.3
10.0 0.45 9.1 13.3 18.2 14.7 9.1
12.5 0.57 11.2 17.5 23.8 18.9 11.2
15.0 0.68 14.7 21.7 28.7 224 14.7
17.5 0.79 16.8 25.9 33.6 25.2 16.8
20.0 0.90 19.6 29.4 39.9 30.1 19.6
22.5 1.02 21.7 31.5 44.1 32.2 21.7
25.0 1.13 24.5 35.7 49.7 35.0 23.8
27.5 1.24 25.9 37.8 53.2 37.8 25.9
30.0 1.36 28.7 42.0 58.8 39.9 28.0
32.5 1.47 32.2 43.4 63.7 42.7 30.8
35.0 1.58 34.3 45.5 69.3 45.5 32.9
37.5 1.70 36.4 47.6 77.0 48.3 36.4
40.0 1.81 38.5 50.4 84.0 51.8 39.2
Kr(10735m) 21.3 30.5 3.6 30.7 21.1
Kn(107°72) 4.53 6.49 9.27 6.53 4.49

Link 3 Finger 1: R = 14.7Q

u(v) I[(A) | 7(107°Nm) | 7(107°Nm) | 7(10>Nm) | 7(107>Nm) | 7(107>Nm)
p=0° p = 22.5° @ = 45° @ =67.5° @ =90°

2.5 0.17 2.8 4.2 4.9 4.9 4.2
5.0 0.34 4.9 7.7 9.1 8.4 7.0
7.5 0.51 7.7 11.2 13.3 11.2 9.1
10.0 0.68 10.5 12.6 17.5 14.0 11.2
12.5 0.85 12.6 15.4 21.0 16.8 12.6
15.0 1.02 14.7 17.5 24.5 17.5 14.7
17.5 1.19 16.8 21.0 28.0 224 16.1
20.0 1.36 18.2 23.1 31.5 25.2 17.5
22.5 1.53 18.9 25.9 33.6 28.0 19.6
25.0 1.70 20.3 29.4 33.6 30.8 21.7
27.5 1.87 21.7 32.2 35.7 32.9 23.8
30.0 2.04 224 35.7 38.5 34.3 25.9
32.5 2.21 23.8 36.4 42.0 35.7 28.7
35.0 2.38 25.9 38.5 45.5 39.2 31.5
37.5 2.55 28.7 42.7 48.3 42.0 35.7
40.0 2.72 32.2 45.5 53.2 45.5 39.9
Kr(107°5m) 124 17.1 21.0 17.6 13.5
K (107302 3.23 4.46 5.48 4.59 3.52

W
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5.4 Static power requirement for U=40V

number of coils coils size I
10 small 14.17 A
10 medium 9.39 A
10 large 7.01 A
total 30.57 A

Total power requirement

P=U-1=40V-30.57TA=1.2kW

5.5 Torque

The double line in the tables indicates which torque values were used to calculate the
torque constant. All values above the double line were disregarded.

In Figure 6 and Figure 7 the thick line denotes a 4" order polynomial approxima-
tion of the points given and the dashed line describes the function Ky, - sin2(9 +45°)
and Kz - sin®(6 + 45°) respectively.

Link 1 Finger 1: R = 30.3Q

U(v) I[(A) | 7(107°Nm) | 7(107°Nm) | 7(107>Nm) | 7(107>Nm) | 7(107>Nm)
p=0° p =22.5° @ = 45° @ =67.5° @ =90°

2.5 0.08 0.0 0.0 0.0 0.0 0.0
5.0 0.17 0.0 0.0 0.0 0.0 0.0
7.5 0.25 0.0 8.4 11.2 11.9 0.0
10.0 0.33 2.8 11.9 16.1 16.8 3.5
12.5 0.41 4.9 18.9 24.5 21.0 4.9
15.0 0.50 7.7 21.7 32.9 25.2 8.4
17.5 0.58 11.2 25.2 36.4 29.4 10.5
20.0 0.66 13.3 29.4 39.2 33.6 12.6
22.5 0.74 15.4 35.0 48.3 37.8 15.4
25.0 0.83 18.2 38.5 53.2 39.9 19.6
27.5 0.91 21.0 44.1 56.0 41.3 224
30.0 0.99 23.8 47.6 60.9 45.5 26.6
32.5 1.07 27.3 53.2 65.8 49.7 29.4
35.0 1.16 30.8 58.8 71.4 54.6 33.2
374 1.23 34.3 63.7 79.1 60.2 35.7
40.0 1.32 37.8 70.0 86.8 65.1 39.2
Kr(10725m) 23.8 48.3 62.8 484 248
Kn(10°52) 4.32 8.77 11.4 8.79 451
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5.1 Weight of parts

Part Weight (g)
Link 1 (complete) 104.0
Link 2 (complete) 80.0
Link 3 (complete) 32.0
Link 1 (brass only) 13.5
Link 2 (brass only) 13.5
Link 3 (brass only) 12.5
Link 1 (magnets) 32.5
Link 2 (magnets) 26.5
Link 3 (magnets) 19.5
Small magnet 3.25
Medium magnet 4.75
Large magnet 5.80
Small coil 20.0
Medium coil 29.0
Large coil 38.0

5.2 Resistance of coils
Joint | Finger | 1 2 3 4 5)

1 lower | 57.4|56.9 |57.4 |57.7|57.5
upper | 57.0 | 54.6 | 57.7 | 57.3 | 57.2
2 lower |42.0 | 43.1 |42.4 | 428|425

upper | 42.8 | 41.7 | 42.6 | 42.4 | 43.8
3 lower | 28.0 | 28.7 | 29.3 | 29.5 | 27.5
upper | 27.6 | 284 | 27.5 | 28.4 | 274

The underlined entries are those that deviate the most from the average coil resis-
tance for its class.

5.3 Average resistance of coils

coil size winding time *) R R maximuim error
large ~ 2.00man ~ 60Q 57.1Q 4.33%
medium &~ 1.50mn ~ 450 42692 2.79%
small ~ 1.00men ~ 300 28.2Q 4.50%

*) Drill speed 380RPM
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0.103Nm

Figure 5: Measured torque requirements
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5 Experiments

We conducted a number of experiments to measure the torque at each finger joint,
the result of which can be found in the tables below. The measures were made with a
Mark-10 force meter and a 12.5cm extension mounted onto the tip of the force meter.
The torque measurements were done with great care in order to get the most accurate
data possible. During the measurements the hand was mounted on a photo-arm and
the joints other than the one measured were held in place by strings. However due to
the large extension used and small inaccuracies in the hand every source of error could
not be eliminated. This explains the divergence between the data for the torque and
the torque/heat measurements for which the same care could not be applied in order
not to destroy the coils.

The measured data tells us the power requirement to lift one finger into the hori-
zontal position with the inside of the palm pointing downward. To bring the hand into
this configuration requires torques of 4.2 - 107>Nm, 54.6 - 107>Nm and 176 - 107*Nm
(measured data) for links 3, 2 and 1 respectively. This gives us a current requirement
of 0.34A, 2.56A and 7.39A respectively which equals 9.0kW for the whole hand. To lift
a finger with the palm pointed upward we need torques of 4.2-107°Nm, 48.1-10™°Nm
and 103 - 107°Nm (measured data) for link 3, 2 and 1 respectively. Which gives a
current requirement of 0.34A, 2.26A and 4.33A respectively which equals 3.4kW for
the whole hand. The torque requirements are illustrated in Figure 5.

Experimentally we confirmed that 0.33A and 2.1A are enough for the finger links
2 and 3 respectively to operate the hand at any angle. The amount of current needed
for link 3 was not verified due to the high currents involved. Needless to say that the
hand can only be operated with such a high current for short periods of time due to
the coils heating up (see table below for heat limitations).

However dynamically we need much less power to lift the finger. Experiments
showed that a power requirement of 3kW is sufficient to completely close a finger with
the palm pointed upward. We showed this by applying 40V with a 15A maximum
power supply to the coils of one finger.
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Figure 4: Current requirements to move a perfectly modeled finger from 6, = 2.5° to
6; = 87.5° and back three times in two seconds (gravity vector parallel to Y axis of
palm) and an update frequency of 1kHz (100Hz would give the same result but the
graph would not be as clear due to large steps in the plot)
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Figure 3: Current requirements to move a perfectly modeled finger from 6, = 90°
to 6, = 0° in one second (gravity vector parallel to Y axis of palm) and an update
frequency of 100Hz
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Figure 2: Current requirements to move a perfectly modeled finger from 6, = 90°
to 6, = 0° in one second (gravity vector parallel to Z axis of palm) and an update

frequency of 100Hz

which is shown in Figure 4 with the palm’s Y axis parallel to the gravity vector. This
trajectory does not use the full workspace of the hand to avoid irregularities at angles
0° and 90° where the joints reach their limits. The graph shows that the hand can be
used at high speeds with little current in the given configuration.

This suggests that direct drive robot arms may be operated at lower currents if the
natural swinging frequency is employed for pick and place operations. For instance
a complete direct drive robot arm with a 3 dimensional workspace could let the arm
swing instead of following a straight line from the pick up point to the put down point.
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G(t) = e(MT(B(1)) [e-(7) = V(B(2), 6(t)) — G(6(1))])
Ot +At) = e, (f

Bt +At) = e,(8

The complete system is shown in below.

") = |
Trajectory generation:
04(t) = ag + art + axt? + azt® + ast* + ast®
9d(t) = a; + 2a,t + 3ast? + 4aqt® + Sast?
64(t) = 2ay + 6ast + 12a4t> + 20a5t>

!

Control algorithm:
- Torque control
ret(04,6,04,0,6,) = M(6)6 + V(6,6) + G(6)
with
0" =0, + K, (6, — 0) + K,(6;, — 6)
- Current control and check for maximum current requirement

I = et (0a,0,04,60,04)
T Krmasr(0)sin(6+45°)

!

Simulation

0(t) = ea( M7 (8(1) [e-(7) = V(8(1). 6(1)) — G(6(1))])

At + LA(t)At?)

(*) <

To simulate control of the hand we set the position gains k, = 1000 and the
velocity gains k, = 63.2 which provided adequate stiffness as well as accurate control.
Simulations have shown that the computed torque controller we implemented was
stable for errors of up to 10% for accelerations and velocities and for errors of up to
5% for torques. Position errors of up to 2.5% gave reasonable results and should thus
be measured with high accuracy.

The simulation program is also used to give us a graphical output of the current
requirements during a trajectory. In Figure 2 the current requirements are shown for a
finger which moves from 6; = 90° to 6; = 0° in one second for a perfectly modeled finger
(e; = 0) with the gravity vector parallel to the palm’s Z axis. The same movement is
shown in Figure 3 but this time the gravity vector is parallel to the palm’s Y axis.

We also implemented a fast close hand/open hand trajectory

6(t) = 8; (1 — cos(360° - % 1))+ 2.5°
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or .
7= Tff(ed,G,Gd,G,Gd)
Koz - 1(6) - sin(0 + 45°)
We supply the required current to the coils using a H-bridge as seen in Figure 27
for every coil. The current to the H-bridge is controlled via pulse width modulation.
The amount of current is proportional to the duty cycle of the signal at pin 5.

4.3 Simulation

In order to simulate the properties of the hand we implemented a 5 order trajectory
polynomial

ed(t) = dg + alt + G2t2 + G3t3 + a4t4 + a5t5

with the constraints

6o = 0
f; = 0
6o = 0
b; = 0

where 6, 1s the initial position and 6 is the final position.

A 5% order trajectory polynomial has an advantage over a 3"¢ order polynomial
because when the finger moves from 6; = 0° to 6; = 90° maximum accelerations occur
at angles of § = 6° and # = 84° whereas for the 3" order polynomial calls for maximum
accelerations at angles § = 0° and 6 = 90° where we have the least torque available.

The constants of the trajectory are given by

ag = 90
ay = 0
ag = 0
106, — 106,
as = 7‘t3
f
156, — 156,
aqg = 7#1
f
66; — 66
as = 3
ty

To simulate the dynamics of the hand we calculated the dynamics of the hand
according to our model which included the error functions e, e,, €, and e, for torque,
acceleration, velocity and position. The error functions e,, €,, €, give a random output
that lies within a preset percentage of the input. The error function e, changes the
input for up to the preset percentage of 90°.
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with

0* = 0,4+ K,(6 — 0) + K,(6, — 6)

where

6;  1s the desired position
6, is the desired velocity
éd 1s the desired acceleration
6  is the position measured with hall sensors
6  is the velocity computed from sampled position data
K, 1isa 3 x 3 matrix with position gains k,
K, is a 3 X 3 matrix with velocity gains k,

For this controller we get the following error equation
E4+K,E+K,E=0 with E=(8;—86)

So we should make the gains k, as large as possible in order to achieve high stiffness
and a small steady state error. In order to achieve an over damped system we have to

ko = 24/k,

According to An et al. [10] computed torque control and feed forward torque control

choose

both give comparable results. However it seems interesting to give experimental results
on how computed torque control and feed forward torque control compare for miniature
direct drive devices.

The feed forward torque control for the finger would be given by

71 4(04,04,04) = M(6)8 + V(6,60) + G(6) + K,(6; — ) + K, (65— 6)
This controller has the following error equation

E+ M YO)K,E+ M Y6)K,E=0

K, =2/M(0)K,

in order to have complex roots at all times and thereby eliminating oscillation we

So we need to choose

should choose the gains according to
K, < 2m€in M(OK,.

So we need to apply the following currents to the coils depending on which controller
we choose:

Tct(ed, 9, éd, é, Gd)

I =
Koz - 7(6) - sin(0 + 45°)
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4 Hand control

4.1 Direct drive actuator control

The torque of a magnetic moment inside a magnetic field is given by
T=BXxu

In our case let the magnet inside the magnet part of a link have the magnetic moment
p and the coils around the joints create a magnetic field B. Thus we control the torque
to the joints by changing the magnetic field created by the joints. We can rewrite the
above equation as

7= |B|-|p|-sin(d + 45°) 6=0°...90°

The magnetic field created by a coil is proportional to the current flowing through the
windings of the coil and can be approximated by

n
[

So the torque exerted on the magnet inside a uniform magnetic field as a function of

B = popr =1

current is given by

T = I{Tmaz -I- Sil’l(e + 4:50)

where Kp,,.q, 18 the torque constant at the maximum.
However since our coils do not produce a uniform magnetic field, we have to include
a scaling function to describe the torque as a function of I.

7 = Kpmaz - L - 1r(0) - sin(0 + 45°)
In the case of our actuator we can approximate the function r(4) with
r(6) = sin(0 + 45°)

as suggested by David Max which gives a relatively close approximation as seen from
Figure 6, where the dashed line shows the function Kr7,,4, - sin2(9 + 45°). Depending
on the uniformity of the actuators used in the different links, we might consider a
different scaling function for each link.

4.2 Finger control

Now that we have the the torque as a function of current we are ready to implement
a control algorithm for one finger. We chose a computed torque controller given by

Tet(64,6,04,6,8,) = M(6)8* +V(6,0) + G(6)
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2 2 2 :
My = malaire,co + TCQ) + I.0 + ms(a; + re, T aiazcs + arre,cas + 2asre, e3)+ L3
2
Mys = m3(7"03 + ayre,cas + asre,cs) + Lo
2 2 2 ‘
My = my(aire,e + 7“02) + I,.0 + ms(a; + re, tarazez + arre, cas + 2azre, c3)+ L3

My, = m27%~2 + 1.0+ mg(a§ + 7%3 + 2ayr¢,¢3) + Los

2
Mys = ma(re, + agreyes) + Las
2

Ms = m3(T03 + aire, co3 + agre,cs) + Lo
My, = 2 I

32 = m3(r03 + asre,es) + Las

2

.2\4-33 = m37’03 —|— Izzg

i = (—2m2a1r02 Sy — 2mzayassy — 2m3q1r03 823)9192

+(—2mgzare, S23 — 2maasre, s3)61 05 )
—|—(—m2a1r02 82 — M3A10283 — M3A1TC, 323)93
—|—(—2m3a1r03323 — 2m3a2r03 83)9293
+(—mgairc, S23 — Maazre, 83)9§

Vo = (maagre, ss —|—'m'3(a1a232 + CL17“03823))9%
—2m3a2r03 839193
—2m3a2rc~3 339'293
—m3a27’03 839';
Vs = ma(a1ro,s23 + aare,s3)0;
—|—2m3a2r03 839192

2
+mgazre, s,

G1 = m1(ga:7“0181 — gyT'cy cl)
+ma(ge(arst + re,512) — gylarer + 1o, c12))
+m3(9z(a151 + azs12 + T035123) - gy(alcl + azciz + re; 0123))

Gy = ma(gsre,s12 — gyre,ciz) + ma(gz(azsiz + re,s123) — gy(azciz + e, c123))

Gs = m3(9m7"033123—9y7“036123)
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We now compute the partial derivatives involved.

ok )
a—é = (77”617“202 + 1.1+ mQ(G% + 2ayr¢,c0 + 7“202) + 1..2)61
1 .
-I-(m3(6l§ + Clg + Tég + 2a1az¢y + 2a17¢, C23 + 20210, ¢3) + Lo.3)01 ‘
+(ma(are,ca + 7"202) + 1.2+ m3(a§ + 7"203 + ajazcy + a1re, 23 + 2a2rc,¢3) + Log)0s
-I-(m3(7”203 + ayre, cas + asre,cs) + Lo.3)6s
ok )
(9—9 = (ma(arre,ea + 7“202) + 1.0+ mg(aﬁ + 7”203 + ajascy + a1re, ca3 + 2asrc,c3) + I.os)bs
2 .
+(marg, + Las + ma(ay +1¢, + 2azrc,¢3) + Ls )b
-I-(m3(7”203 + asregcs) + Loz3)6s
ok 5 )
(9—9 = (m3(7“03 + ayre, a3 + aare,cs) + Loz )by
3 )
-I-(m3(7”203 + aaTcy c3) + I..3)0:
‘I’(mST%’S —I_ I223)93
ok
=0
06,
67 = —m2a1r023291(91 + 92) + m3(—a1a23291(91 + 92) - a1r0332391(91 + 62 + 93))
2
96 = ma(—a1rc, $2301(01 + 02 + 03) — azre,s3(61 + 62)(61 + 65 + 63))
3
Ou _ ( )
891 = MmulgzTc, 51 gyTc €1
+my(ge(ars1 + reys12) — gy(arer + re,c12))
+ms(g:(a1s1 + azs12 + reys123) — gy(aicr + azciz + re,ci23))
Oou
26, = ma(gercy 812 — gy, C12) + ma(gz(azsi2 + re,s123) — gy(azers + re,c123))
2
Oou _ ( )
065 = m3lgzTcy5123 — GyTc;C123

We can write the torque at the joints as
T=M(9)0 +V(6,8)+ G(6)
with

2 2 2
My = marg, + Lo+ ma(a] + arre,ca +1¢,) + Lo
2 2 2 ¢ ; ¢
+ma(ay + ay + re, + 2a1a2¢2 + 2a170, €23 + 20970, ¢3) + Los

13



be the total potential energy of one finger, where u; is the potential of one finger link

ui = —m g P,
9z
where %9 = g,
gZ

Thus we only consider the case in which the palm of the hand is stationary. This is
a reasonable assumption to develop first control algorithms, since usually the hand
is positioned with a robot arm and then performs some type of grasping operation
during which the palm of the hand does not move. According to the orientation of the
robot arm wrist, the vector °g can then be calculated. However if we were to make any
grasping operations while moving the arm we would have to incorporate the dynamics
of the arm as well.

The vectors that denote the position of the center of gravity of each link in the
frame {0} are given by:

(e,
Opcl = T‘Clsl
| 0
aicy + ro,Ci2
0P02 = ap sy + re,Siz2
i 0
[ a1c1 4 azers + res 23
0P03 = a181 + azS12 + 1o, S123
i 0
This gives us the potential energy as:
uy = —mi(gzre, e+ gyre, s1)
uy = —ma(gz(arcr + re,cn2) + gy(a1s1 + reys12))
us = —ms(gz(arcr + agcrz + reycias) + gy(ars1 + azsi2 + 1o, $123))
The actuator torques are then given as
d oL OL
T=——— —
dt 98 06

with the Lagrangian

L(6,6) = k(6,6) — u(6)

12



1 1
+ <§af + EhQCZ +2d? + (r¢, — Zi)2) me;
1 1 1 1 1 2
L. = (erm + Ehfm + TQCS) mas + (57“%3 + Eh%g + (7“03 — §hT3) ) mrs

3.2 Dynamic equations

To calculate the dynamic equations of the finger we use the Lagrangian dynamic

k=Y k

be the total energy of one finger, where k; is the kinetic energy of one finger link

formulation. Let

1 1. o
ki = imiovgiovci + il’w?CzIZ’Z’wi
and frame C; has its origin at the center of mass of link i and has the same orientation
as the frame {i}.

The velocities “v¢, are given as follows:

[ —Ircy 3191
%o, = | re,cib

L 0, .

[ —a151‘91 —ro, 312(_91 -|-‘92)
0’002 = ajc1601 + reyc12(61 + 6;)

0

_—G151‘91 — G2312(91 +‘92) — T038123(91 -|-‘92 -|-‘93)

0’003 = ajc101 + azera(01 + 63) + re,cr23(61 + 62 + 65)
0

So the links of the finger have a kinetic energy as follows:

1 . 1 .
kl = %TTLlTél 9% + 5-[221 9% 1
ky = 572 (afo + 2a1r¢, c2bh (61 + 62) + 12, (61 + 92)2) + 51—222(91 +6,)*

ks = §m3 (G%Gf + 63(91 + 92)2 + 7“203(91 +60; + 93)2 + 2a1azc261 (61 + 92))
+ms (CL1T03 C239'1(9'1 + 92 + 93) + asre, 03(91 + 92)(91 + 92 + 93))

1 . . .
+§Izz3(91 +6; + 93)2

Let
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are the center of mass for each link and the zz-entry of the inertia tensor in order to
achieve a more precise control. However no link can ever be precisely manufactured.
Thus small inaccuracies remain. We feel that the larger and complexer a robot device
gets, the more inaccuracies are introduced. An et al. [10] have devised a on-line
method to derive the Denavit-Hartenberg parameters of a robot manipulator and the
Inertia matrix of the links with only a few movements of the manipulator. It seems
interesting to compare the level of errors of a conventional robot arm to those of a
miniature robot device using the methods described by An et al.

Link 1 Link 2 Link 3

rai (em) 0.7 0.7 0.7
hoai (cm) 3.5 2.9 2.1
rp; (em) 0.7 0.7 0.7
hr;  (em) 4.0 4.0 5.5
4 (cm) 2.25 2.25 2.25
b (cm) 15 15 15
d; (ecm) 0.7 0.7 0.7

l; (em) 6.0 6.0 6.0
mati (9) 38.0 32.0 25.0
mr; (g) 4.5 4.5 6.2
mei (9) 29.0 20.0 0.0
m; (g) 100.5 76.5 31.2
re; (em) 3.55 3.25 0.546
I, (kng) 7.95-107° | 5.85-107° | 6.70 - 1076

The center of mass is calculated as

1
rc = rdm
¢ M /
: 1
2l;me; + shramy; . .
re, = 7 = ]_7 2
my;
with m; = 2mc; + my; + mag
1
§hT3mT3
re, = *——
ms3
with ms = mr3+ muys

Since each finger is basically a planar manipulator we only need to consider the
I,, entry of each inertia matrix. If we place the parts according to Figure 1 we can
calculate I, of the complete link using the parallel axis theorem as follows:

1 1 1 1 LY
L., = (erm + ﬁh?\m + 7“20) mai + (57“%2 + ﬁhZTZ + (rci - ihﬂ) ) mr;

10



Magnet: Connection tube Cail

Complete model

Figure 1: Inertia tensor model
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e Low cost Brass is readily available and has a very low cost. Thus one has plenty
material to work with and does not have to worry if a construction does not work
out that well. One can simply start over.

Obviously if one wants to manufacture the direct drive hand in mass production,
brass is not such a good choice any more, since the production process would simply
take too long. Also it is inherently difficult do achieve a high precision hand using
brass as an underlying material.

A possible solution to this problem would be to build the direct drive hand out of
injection molded plastic. This could lead to high precision, stiffness of construction,
fast assembly and also very low cost if there is a need for a large number of hands.
With a precisely built hand it is furthermore possible to move the magnets closer to
the coils and thereby increasing the strength of the hand.

3 Theory of operation

3.1 Inertia tensor model

We use the following approximation to model the inertia tensor. One finger link
consists of a magnet tube, a connection tube and two coils as seen in Figure 1 with

L34 dpz 0 0
0 0  iri+ 5kl
ra. 0 0
Ir = | 0 i+ 50d 0 mr
0 0 rh + Lhi
%CLQ + %62 0
IQC == 0 %62 + éh%« 0 mc
0 0 sa® 4+ Lh + 2d°
where
my; = mass of magnet part
mp = mass of connection tube

m¢c = mass of one coil

As one can easily see from the modeling process and the dynamic equations below,
a high degree of symmetry around the X axis is desirable. The better the model used,
the more accurate the control algorithm will be. From the dynamic equations below
we can see that in the case of a symmetric link the only two parameters to adjust



priced at about $3.50 each. Which added up to $292.50 for our hand. One micro
controller such as the 68332 which is required for the computer control is priced
at about $100 and increases thus the total cost of the hand to $400 (excluding
any additional hardware and assembly time needed).

e Overall Size The overall size for the hand is quite small. The only other devices
required other than the hand itself is the power supply and the control circuits.
Tendon actuators are still quite large and occupy considerable space.

¢ Dynamic model-based control Since the hand can be operated at very high
speeds the dynamics of the hand have to be modeled accurately in order to
achieve precision control. Centripetal and coriolis terms may no longer be ne-
glected. Model based control has already been successfully been implemented
for direct drive devices.

However the direct drive hand also has its limitations:

e Large Power Requirement The power requirement for the hand is consider-
able. For our hand we require roughly 9kW to operate the hand at any orienta-
tion, which is way to much to operate the hand because of safety requirements
and overheating in the coils, although further miniaturization would also decrease
the power requirement.

e Heat The coils use for the hand heat up very fast due to the high power re-
quirement. So the hand can only be operated for short periods of time with out
overheating the coils. Needless to say that the hand may not be used in an envi-
ronment were temperature needs to be precisely controlled (e.g. for laboratory
experiments).

e Low Torque Since we still have the problem of overheating the coils to achieve
high torque, the hand may only be operated with relatively low power. This in
turn leads to low torque. The hand is not able to support itself if it is powered
according to its heat constraints.

2 Design of Hand

The base material used in our design is brass. Brass has several advantages

e Weight Brass has a very light weight. To keep the total weight of the hand at
a minimum was one of the major design points.

e Ease of assembly Brass is a material that is easy to work with yet stiff enough
for our purposes. Also brass lets itself solder together very well.

e Stiffness Brass tubes resemble the bones in a human hand. These tubes are
capable of enduring very strong forces without bending or losing of shape.



e Long learning phase A human operator first has to learn how to use a tele-
operator. This learning experience can be quite long. It would be much easier if
one could just use a data glove to control an artificial hand. The learning phase
would be virtually eliminated. The operator only had to get comfortable with
the look and feel of his new artificial hand.

This leads to

e Low utilization Since an existing teleoperator is quite different from a human
hand, the operator constantly has to translate his natural way to handle objects
into motions that are achievable with his teleoperator. If an operator could
control an artificial hand then there would be no translation. The mapping
would be one to one.

So if one had an artificial hand that resembles the human hand accurately in every
way, these problems would be resolved. Apart from these problems, most existing
teleoperators are very expensive high end products that are simple not usable in many
cases due to economic reasons.

1.4 Advantages and limitations of a direct drive hand

The Utah/MIT Dextrous Hand and the Stanford Hand are very small, compact and
very human like. Yet these hands have several drawbacks. Our hand employs miniature
direct drive technology and thus is superior in the following points.

¢ Response Time Due to the direct drive actuators, the hand is able to respond
virtually immediately to the instructions received by the controller. Once the
correct positioning is calculated by an appropriate positioning algorithm, the
hand can almost immediately be brought into the correct position.

e Speed As a result of the low response time, the hand is able to simulate the
flexible, fast motions of the human hand quite accurately. This allows the simu-
lation of many human abilities that require high speed motions such as playing
a pilano or typing at a keyboard.

e Safety An artificial hand that uses direct drive actuators does not pose a risk
during human interaction. During operation, the links are still flexible and can
give way to a human that is somehow entangled in the hand accidentally. Me-
chanical manipulators that use motors and gears for transmission of torque are
usually locked in position and might not even release the object gripped even if
turned off.

e Low cost Due to the use of inexpensive material the hand can be produced
at very low cost. The brass material as well as any screws, nuts and the like
used, adds up to roughly $20. For the complete hand one also needs 85 magnets



1.2 Background

In the past many different types of hands have already been developed. The Utah/MIT
Dextrous Hand and the Stanford/JPL robot hand are probably the ones that are most
widely known. The MIT hand, coming closest to the human hand in its appearance
and range of motion, consists of 3 fingers and one thumb, whereas the Stanford hand
consists of 3 rather all purpose fingers. Both of the hands use cables to actuate the
finger joints. Tendon sensors are used to measure the tension of the wires.

A different approach was taken by the Belgrade/USC Hand [12] which does not
maximize flexibility and dexterity. It has five fingers: a two jointed thumb and four
three jointed fingers. The thumb can rotate about an axis parallel to the wrist. The
hand was primarily developed for grasping tasks.

We refer the interested reader to Mason et al. [5] who give a more extensive survey
about existing artificial hands.

1.3 Motivation and applications

Is there a need for an artificial human hand? An artificial hand can be used in a
very large variety of environments. There are possible uses in environments that
are otherwise inaccessible to a human being. For instance outer space is completely
inaccessible to the human body if one wants to maintain the dexterity and flexibility
of the human body. Astronauts are very limited in their ability to move because of
their space suits that are still to thick to allow the same movements as one can do in
a more friendly environment.

If it is possible to reduce the size of the hand, increases the torque it exerts and
achieve all this with a low power consumption, then one could even use an artificial
hand as a prosthetic extension for a human being that has lost his hand in an accident
of some kind. Of course this would also require the development of an appropriate
human /hand- interface.

In the near future one can also envision uses in workspaces in a factory that is
inaccessible to humans due to poisonous gases or fumes. Here humans are endangered
because they have to wear some kind of protective gear that might possibly fail. This
is especially a big problem if a failure of such a protective gear is not immediately rec-
ognized and long term exposure to whatever hazards there are, permanently damages
the human body.

Another area in which a direct drive hand could be employed would be in places of
high radiation. Although radiation detectors are readily available a leak in a protective
suit poses a severe health risk even when it is recognized because one has difficulty
in closing it. An exposed person cannot simply put on a new suit in a contaminated
environment. Recent nuclear reactor accidents have shown that indeed robotics devices
such as an artificial human hand would be highly useful.

This also requires the development of appropriate teleoperation techniques. Exist-
ing teleoperators that do not resemble a human hand have two main problems:



Abstract

An artificial 15 degrees of mobility direct drive hand, slightly bigger than a hu-
man hand, is presented. The underlying technology are the miniature direct drive
actuators recently developed. The motivation for our design and the construction
plan for the hand is given. The dynamics of the hand are analyzed theoretically
and a model for control of the hand is presented. Finally we describe our expe-
riences made while experimenting with the hand. A direct drive hand graphics
interface has been developed to simulate the dynamics of the hand and to test out
control algorithms for the hand.

1 Introduction

1.1 What is direct drive?

Direct drive means that the joints are moved directly by actuators which are physically
aligned with the joint axis. There are no gears used for transmission of torque. Hence
we drive the joints directly, without any intermediate transmission belts or similar
devices. We drive our links by magnetic fields which are generated by coils that
are wrapped around each and every joint. Several direct drive robots have already
been successfully built although most of these robots were quite big. Because of the
development of very powerful miniature neodymium iron boron (NdFeB) magnets it
has become possible to miniaturize the direct drive technology.
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