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INTRODUCTION 

Recently, studies in telepresence, which involve man-in-the-loop control of 

sensory-rich, remotely operated robotic systems, have emerged as a new critical area of 

research and development. This is due to the increasing recognition and acceptance of 

telerobotic manipulation technology as being a viable solution for remote operations in 

unstructured and/or hazardous environments, such as space, undersea, or nuclear sites [1- 

3]. 

For years, man-machine interface research has been a main thrust of the efforts in 

the Air Force to improve performance and effectiveness of its crews. Under the Crew 

Systems Directorate, the Armstrong Laboratory at Wright-Patterson AFB conducts the 

Human Sensory Feedback (HSF) research program, which is charged with the mission to 

investigate telepresence and its related issues. Among the on-going research activities of 

the HSF program, main emphasis is currently concentrated on characterization of the role 

of human sensory feedback in the following three key aspects: coarse positioning (large 

scale motion associated with the human arm and wrist), fine manipulation (small scale 

motion associated with the human hand), and tactile feedback. 

A unique telemanipulation test platform has been designed and built to support the 

research in the coarse manipulative human sensory feedback. The platform is unique in 

that it uses a custom-built, anthropomorphic exoskeleton capable of force reflection as the 

master control arm to command a kinematically dissimilar slave (a revolute-jointed 

industrial type) robot. The Force-REFLecting EXoskeleton (FREFLEX) master is a seven 

degree-of-freedom, cable-driven robot that was designed specifically to provide mobility 

and range of motion similar to that of a human arm (Figure 1). The use of such an 

anthropomorphic exoskeleton as the master controller enables the operator to generate 

motions and to react to forces encountered during manipulation in a natural way, a key 

functional requirement in human sensory feedback studies. 

Force reflection on the FREFLEX is achieved by its controller generating 

appropriate antagonistic actions through cables (tendons) and pulleys, driven by brushless 

DC motors. While use of cables and pulleys makes it possible to drive distal links from 

actuators mounted at the base, significantly reducing overall weight of the arm, such an 

actuation scheme results in severe cross-coupling between motions of the joints and, 

consequently, there is coupling between joint torque commands.   Given a certain 



Figure 1. The Force REFLecting EXoskeleton (FREFLEX) Master Robot 



force/moment to be reflected by the FREFLEX, it is necessary to identify the coupling 

relationship in order to compute actual torque commands at the actuators. 

When performing telemanipulation, it is desirable that the master controller appears 

as being "weightless" to the operator. Besides the obvious benefit of reducing operator 

fatigue, gravity and inertia compensation increases the fidelity of manipulative interaction 

and hence the overall system performance. Update rate in the control system is another 

factor which affects the overall system performance. The system will feel sluggish or even 

become unstable if the cycle time is too large. In general, it is necessary to have an update 

rate of 20 to 200 Hz to ensure satisfactory real-time performance. 

In this report, we present analyses and solutions to the problems of coordination 

concerning the control implementation of the telemanipulation system as described above. 

Specifically, kinematic models for both the FREFLEX and the slave (MERLIN™ 6500 by 

American Robot Corp.) and their related kinematics solutions (both position and velocity) 

are developed. In addition, algorithms for the FREFLEX to compensate gravity loads and 

compute joint torques, including identification of the kinematic coupling relationship for the 

actuators and the joints, is also presented. It is noted that throughout the following 

development of algorithms we have taken special care to optimize computational efficiency. 

As a result, a five-fold improvement of the overall system update rate has been achieved 

with their implementation. 



COORDINATION OF THE FREFLEX MASTER ROBOT 

Coordination for the FREFLEX can be divided into the following stages of 

computation: forward position kinematics, Jacobian, gravity compensation, kinematic 

coupling, and joint torque decomposition. Note that for a single microprocessor system all 

of these computations must be completed before the next update to .the controller can be 

made; in other words, the system sampling rate is dictated by the overall efficiency of these 

computations. Consequently, when formulating the solution to each stage, a sensible 

guideline would be to develop the algorithms in such a way that all items should be 

computed only once, and any computation which occurs in the later stages should take 

maximum advantage of what has been computed previously. 

Forward Position Kinematics 

Forward position kinematics refers to the following problem: given a set of 

measured joint positions, compute the position and orientation of the FREFLEX hand grip 

(or any conveniently chosen point of interest) in the Cartesian space. The resulting pose 

(combined position and orientation) is then used in the inverse kinematics solution for the 

slave robot (to be described later) to yield the corresponding joint commands for the slave 

to be driven to that same pose. Note that this transformation of position command in 

Cartesian space is necessary whenever the master and the slave robots are of different 
kinematic structures. 

To establish a kinematic model for the FREFLEX, we adopt the so-called Denavit- 

Hartenberg (D-H) modeling convention with the frame assignment scheme similar to that 

adopted in [4] and [5]. Figure 2 shows a schematic of the FREFLEX with definitions of 

all the kinematic frames and a table of their corresponding D-H parameters. Based on the 
above D-H convention, a 4x4 homogeneous transformation, denoted as i_1T., can be 

derived to represent the position and orientation of frame i relative to the frame (i-1); refer 

to [4] or [5]. It can be easily shown that the coordinate transformation representing 

position and orientation of the last frame (frame 7 for the FREFLEX) relative to the base 
frame (frame 0) can be obtained as: 

°T7=ni"iTi=°TiiT2-6T7 
i = l 

(1) 
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Figure 2. Schematic of the FREFLEX and Definitions of Kinematic Frames with 
Corresponding Table of D-H Parameters 



or equivalently, in terms of' 'R. and i_1q., as: 

°R7 = °R, 'R2- • 6R7 (2) 
0„      ,    On   1 

q7 = uq1 + "R1
1q2 + uR2q3 + -+X6q7 

where 

i-l x = 

c0;    -sOjCOC;    sO^oc;    ajcGi 

s6;    cGjca;    -cGiSCXi    a^ 

0       sex ca-        d- 

0 1 

i-li i-l- 
R,       q; 

0 0 0      1 

It is remarked that, while both equations (1) and (2) are completely equivalent, Eq. (2) 

results in better computation efficiency by separating the computations into rotational and 

translational parts. By the author's own experience, the two-part form of Eq. (2) has also 

been found to be more amenable to manipulate symbolically, particularly in deriving the 

inverse kinematics solution. For example, in the FREFLEX, from its parameter table we 
have: °ql = 'q2 = 5q6 = 0. This immediately leads to a simplification on the translational 

part of Eq. (2) to: °q7 = °R2
2q3 + °R3

3q4 + °R4
4q5 + °R6

6q7 which is clearly easier to 

manipulate, although the rotational part remains unchanged. The inverse kinematics 

solution for the slave robot (MERLIN), to be included later, was also reached based on the 
above procedure. 

Note that if, instead of the last frame (frame 7), the position and orientation of 

frame k is to be computed, both of the above equations still hold with only a change in the 

upper index from 7 to k needed. It can be seen that an efficient way to compute the pose of 

any link frame is to do so sequentially by starting with k=l (from the base) and then 

progressing outward. In fact, it is also desirable in practice to facilitate the forward 

kinematics computations so that the positions and orientations of all the link frames (not 

just the hand grip) are easily accessible should they be needed in subsequent computations. 

Based on Eq. (2), an outward iteration algorithm which computes the pose of each link 

frame starting with the base frame can be implemented using the following recursive 
relationships (i = 1 to k): 

X = v. + "RM-'QI 

X = %-!      % 
(3) 



Knowing the position and orientation of each link frame (relative to the base), it is 

now straightforward to obtain the absolute position of any given point in any link. Let 'p 

be the position vector of a point in link frame i; then its corresponding position in the base 

frame,  P, is given by: 

3P= üR1p + °q1 (4) 

In the FREFLEX implementation, a forward kinematics solution has been 

developed using the above recursive scheme. The solution for the pose of each link frame 

is obtained in the form of explicit analytic expressions for optimal efficiency. It is 

recognized that one may achieve reasonable efficiency by direct numerical computations 

using the same recursive scheme with a carefully coded algorithm. However, to guarantee 

optimal efficiency one must ensure all necessary terms are computed once and only once, 

which requires being able to identify and eliminate redundant, repetitious computations of 

those common terms which may be embedded in more than one expression. This can be 

accomplished only by going through the process of analytic derivation. It is recommended 

that this be done whenever efficiency is a critical factor in system performance. 

The following describes the details of the derivation and the results of the forward 

kinematics solution for the FREFLEX. Referring to the D-H parameter table of FREFLEX 

(Figure 2), the corresponding link transformations between frame (i-1) and i are: 

~c0, 0     so, " ~c02 
.5s02      bs02 " 

■R,= so, 0   -co, ;     R2 - s02   • -5c02   -bc02 ? 

_ 0 1      0 0 b         -.5 _ 

"c03 .5s03 -bs03~ ~c04   -hs04     fs04~ 

R3 = s03 -.5c03 bc03 ;    R4- s04     hc04    -fc03 > 

0 -b -.5 _ 0         f           h 

~C05 -hs05 -fs05~ "c06   0     s06" 

% = S05 hc05 fc05 ;  5R6 = s06   0   -c06 ;  % = 

_ 0 -f h _ 0     1       0 

c07 -s07 0" 

s07 C07 0 

0 0 1 



and 

^1=^2=^6 = 0 

'1.969 cö, 

1.969 s 03 

14.640 
q4 = 

-1.969c04 0 "l.68c07" 
-1.969s04 ;  3q4 = 0 ;  6q7 = 1.68s07 

.625 11.770 X 

where 

and 

b = sin(-120°);   h = cos(-70°);   f = sin(70°) 

[ 0,    if frame 7 is at the base of the handgrip. 

[£Lgrip,if frame 7 is at the center of the handgrip 

Following the algorithm given by Eq. (3), with i =1 to 7, the transformations in the form 

directly usable in Eq. (4) are derived symbolically below. 
i=l: 

0;    °R, 

0 

0 s, " 
0 -c, 
1 0 _ 

i=2: 

c, 0 Si 

2 _ s, 0 -c, 
0 1 0 0 

•5s2 

-5c, 

bs2 

-bc2 

-.5 

CiC2   .5c,s2 + bs!   bc^-^ 

SjC2   .5s1s2-bc1   bs^+^Cj 

-.5c, -be, 

b„ b12 b,3 

D21 b22 b23 

b31 b32 b33_ 



i=3: 

°q3=°R22q3= 

1.969eu +14.64b 

1.969e21 +14.64b 

1.969e31 +14.64b. 

13 "Ul" 

23 
= u2 

33. .U3. 

b„ b12   b13 L"i         . «Joo              ^3 

°R3 = b2i 

_b31 

b22    b23 

b32   b33_ 

s3   -5c3    bc3 

_0     -b      -.5_ 

~en .5e12-bb13    be12-.5b13 ""I!      U12 Ul3_ 

= e21 .5e22-bb23   be22--5b23 = U21      U22 U23 

_e3i •5e32-bb33   be32-.5b33_ _U31      U32 U33. 

where   en = bi,C3 + b12s3       e21 = b21C3 + b22S3 e3i — b31c3+ b32s3 

ei2 — bns3    b12c3       e22 — t )2,S 3    b22c3 e32 = ^Sl S3       '332C3 

0q4 = 0q, + °R,3q« 

'u,-1.969rI1+.625u 

u2-1.969r21+.625u 

u3-1.969r31+.625u 

13 V 
23 

= V2 

33. _V3_ 

°R4 = °R3
3R4 = 

0 

hs4 fs4 

ic4 -fc3 

f h 

r„ -hr12 + fu13 fr12 + hu13 

r21 -hr22 + fu23 fr22 + hu23 
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where   ru = uuc4 +u12s4 

ri2 — U11S4      U12C4 

r21 — U21C4 "*" U22S4 
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u31c4+ u32s4 
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i = 5: 

°q5 = 0q4 + °R4
4q5 

v^iniv^ "w," 

v2 + 11.77v23 = W2 

v3 + 11.77v33_ .W3. 

i = 6: 

K, — i\. Ks 

V.2      V13 

'31 0 

-hs5   -fs5 

hc5     fc5 

-f       h 
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where   t, 

°q6 = V 
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w, 

w, 

w, 
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w, 

w 21 
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W 12 

W 22 

w 32 

W 13 
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w 33 

V22C5      V21S5 
t3i = v32c5-v31s5 

i = 7: 

°R6 = °R5
5R6 = 

w, 

w0 

w, 
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w 12 

W 22 

W 32 
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W 
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W 
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0    1 0 _ 33 
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33      W31S6-W32C6^ 

Yn Yl2 yi3~ 
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y3> y32 y33. 

w, + 1.68zu + xy13 

w2 + 1.68z21 + xy23 

_w3 + 1.68z31 + xy33 

%=°R6%^ 
Yn y2 ynl 
y2i y22 y23 

y3i y32 y33J 0     0 
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z2i   -y2is7 + y22c7   y23 

^31 -y31s7 + y32c7    y33 

where   zu = yuc7 + y12s7   z21 = y2Ic7 + y22s7   z31 = y31c7 + y32s7 

It is noted again that all terms which appear more than once have been identified, 

and upon computations, their values are stored as new parameters to avoid redundant 
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operations. As alluded to earlier, this is only possible when the forward kinematics 

transformations are derived analytically. We have evaluated the computational efficiency of 

our algorithm in terms of the required operation counts for addition/subtraction (A), 

multiplication/division (M), and trigonometric function calls (F). For the FREFLEX, the 

forward kinematics algorithm calls for a total of (64A+133M+14F), as compared to the 

(162A+216M+14F) needed if implemented with direct numerical computation using Eq. 

(3). 

Jacobian Formulation 

As is well known in robotics, the Jacobian is a transformation matrix which relates 

differential motions (linear and angular) of the robot end-effector in the Cartesian space to 

the corresponding differential displacements at the joints. It is also known that in statics 

consideration the same transformation can be used to relate the external force and moment 

applying at the end-effector to the torques (or forces, if prismatic) at the joints. 

Mathematically, the above statements can be expressed using the following equations: 

J6: 

JT 

where 

M 

F 
= T 

(5) 

(6) 

J: the manipulator Jacobian 

w, and v: the end-effector angular and linear velocities, respectively 

M and F: the resultant moment and force by the end-effector, respectively 

9: nxl vector of joint rates (n = manipulator's degree of freedom) 

x: nxl vector of joint torques/forces 

and superscript T indicates the matrix transpose operation. 

Although the above relationships may have been seen in many texts, it would be 

helpful to clarify a few points when considering their applications. First and foremost, care 

must be taken to ensure that all vector quantities involved be formulated with respect to the 

same coordinate frame of reference. In addition, point-specific vectors, such as linear 

velocity v and moment M, must be given such that they are all relative to the same point of 

reference which was used to formulate the Jacobian.  In other words, the Jacobian may 

11 



take on various different forms, depending upon the reference frame and the reference point 

chosen (to describe v or M) during its formulation. 

To emphasize the distinction between the various available forms, we shall denote 
the Jacobian with mJk, in which the leading superscript, m, specifies the frame and the 

trailing subscript, k, gives the reference point. In general, raJk for a robot of n degrees of 

freedom can be formulated using the following: 

"T   = ; i — l,2,...,n r-,\ 

in which u; is the unit directional vector of joint axis i, and p; is the position vector of axis 

i with respect to the reference point k; of course, both vectors are expressed in frame m. 

Note that the above form of column vector in Eq. (7) only applies to robots with all 

revolute joints. In the case for robots with prismatic joints, say joint j, then the j-th column 

should be replaced with [(0,0,0); UjT] . 

For the FREFLEX, we have chosen to use °J0, which is to formulate the Jacobian 

in the base frame (frame 0) with its origin as the reference point. Again, the main 
consideration here is to minimize computation cost.  The reason to use °J0 is two-fold: 

first, the origin of frame 0 is the point of concurrency of axes 1, 2, and 3; and second, all 

the terms required to formulate the Jacobian are readily available from the forward 

kinematics procedure with no further manipulation necessary. As a result, we arrived at the 

following 6x7 matrix as the Jacobian for the FREFLEX: 

Jo 
Z0       Zl       Z2 Z3 Z4 Z5 Z6 

.0    0     0    °q3x
z3    Vxz,    °q5xz5    °q6xz6 

(8) 

where, referring to Figure 2, V, = u; (i= l to 7) which is the third column of °R., and °q. 

is, as defined before, the position of the origin of frame i on axis (i+1); all of which can be 

obtained directly from the results of the forward kinematics computations. As can be seen 

from Eq. (8), only four additional vector cross product operations (24M+12A) are required 
to obtain the Jacobian. 

The Jacobian formulated here will be used in Eq. (6) to compute the necessary joint 

torques in order to "reflect" a certain external load (force and moment). Typically, the point 

12 



at which the load is to be reflected will not be the same as the reference point used by the 

Jacobian. Therefore, before Eq. (6) can be applied it is necessary to transform the 

generalized load vector (both force and moment) to the same reference point, which is at the 

base frame origin. For discussion sake, let the load reflection point be at the wrist center of 

the FREFLEX. Typically this will be the case since the external load will usually be 

measured using a force/torque sensor mounted at the wrist of the slave robot. Then the 

following transformations are required: 

°Fo = X SK (9) 

°M0 = XsMw + 0pwx°Fo (10) 

where SFW and SMW denote the measured force and moment in the sensor frame (s), °RS is 

the coordinate transformation matrix from the sensor to the base frames, and °pw is the 

position of the load reflection point, namely wrist center, relative to base frame. One can 

easily generalize the above relationships to cases where the point of reflection is different, 

simply by using the corresponding position vector of the new load reflection point and, if 

necessary, the appropriate coordinate transformation matrix. 

Gravity Compensation 

To facilitate better utility and reduce operator fatigue, the FREFLEX needs to 

support its own weight as it is being moved about providing position commands to control 

the slave manipulator. In general, the capability of gravity compensation is necessary for 

any master robot used in telerobotic systems. During each sampling period, this requires 

computing first the gravity loads at all joints and subsequently the torques needed from the 

motors to statically counteract those gravity loads. In this section we only address the 

former, which is the computation of the gravity loads (torques) at the exoskeleton joints. 

The discussion of the latter, namely the decomposition of these computed joint torques into 

the actual motor torques, is deferred to the following sections. 

Consider the schematic of link connection at a revolute joint in a serial chain as 

illustrated in Figure 3. The following observations can be made: As a result of the serial 

chain configuration, the gravity load seen by that joint will be due to the sum of moments 

generated by weights of all the links outboard from it (farther from the base). And the load 

will vary as relative positions of links change from one configuration to another; in other 

words, it is position dependent. 
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axisj 

axis l 

base frame 

Figure 3. Kinematic Illustration of CG Position of j-th Link Relative to Axis I (Frame (i-1)) 
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Let höj represent the position vector of the center of gravity (CG) of link j relative 

to joint axis i (Figure 3) and the link mass be given as rrij. Then, with the origin of frame 

(i-1) as the point of reference, we can write the moment at joint i due to the weight of link j 

as: 

nij = hG,J
xm

Jg (11) 

Thus, the total moment due to all outboard links (j - i) is: 

7 7 

ni = Zni.j = X(hG.jxmjg) (12) 
j=i j=i 

And the corresponding joint torque (tj) is just the component of total moment along the joint 

axis: 

*i=»VVi (13) 

It can be easily seen that computing h^ is the key step in the gravity torque computation 

procedure. The way in which they are computed directly affects the efficiency of this 

algorithm. A logical consideration here is to take advantage of results available from the 

previous forward kinematics procedure. This suggests that the computations should be 
made in the base frame. We compute h^ j using the following relationship, which can be 

easily arrived from Figure 3: 

°hG.j = (°<lj-V.)+0RjJro.j;      J = i.-,7 (14) 

where JrGJ is the given position of CG for link j with respect to its local frame j, and °q. 

and °R. are, as defined before, position and orientation matrices of frame j, both of which 

are readily available from previous results. 

To pursue the issue of efficiency a little further, computing in the base frame 

coordinate has associated with it another added benefit. For the cross product calculation in 

Eq. (11) it is only necessary to compute two out of the three components. This is because, 

when expressed in the base frame, the gravity vector will typically have a nonzero 

component along only one coordinate axis. For example, in terms of the FREFLEX base 

frame, g = [-g, 0, 0] , and thus the cross product which results has only nonzero y and z 

components. As a result, Eqs. (12) and (13) for the FREFLEX can be evaluated using the 
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simplified component forms (note that, in what follows, the superscript 0 of the h terms 

given by Eq. (14) above has been dropped for convenience): 

n: = < 

n;   =0 

n.,y= -gZ(h>j) 
(15) 

and 
*i = ni.yUi.y + ni.zUi.z (16) 

Implementation of the above equations, Eqs. (14) to (16), has resulted in a highly efficient 

gravity torque computation algorithm for the FREFLEX which requires only 

(126M+133A+0F) in its calculations. In the following, we summarize the computation 

procedure of the gravity torque algorithm. 

Procedure for Computing Gravity Torques 

Step 1:       Transform position of j-th link CG with respect to the i-th frame (j > i) in the 

base frame 0: 
V^AG,;      J = U,..,7 

Step 2:       Compute position of j-th link CG with respect to the i-th frame (j > i, where i = 

1 to 7; andj =i to 7): 

e.g., let i=l, j=7: 

X>=(V0q0)A 
K2 = (°q2-°qo) + °r2 

°hG, = (°q7-
0qo) + 0r7 

Step 3:       Compute moment about the reference point on axis i; i.e., the origin of frame (i- 

1), due to the weights of all j-th links: 
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nu=-gi(hi,mj) 
J=I 

Step 4:       The gravity torque for joint i is the component of the moment in the direction of 

its axis: 
Ti = ni.yUi.y + ni.z"i.z 

Based on the above computed results, ideally one should be able to completely 

compensate the weight of all the links. This of course assumes a-priori that the data on the 

inertia properties (link masses and CG locations) of the system are correct, which 

unfortunately is typically not the case. A practical method to deal with this problem is to 

experimentally "scale" the values of computed gravity torques. Such constant scaling 

factors can be found one joint at a time by adjusting from the last one inward until the 

link(s) supported by that joint in effect begin to "float". 

Kinematic Coupling Relationship 

As mentioned in the introduction, the cable and pulley actuation scheme gives rise 

to a complication of cross-coupling between motions at the joints on the FREFLEX and its 

actuators at the base. Figure 4 illustrates the cable system arrangement used by the 

FREFLEX [6]. In the present scheme, cables to drive a distal joint are routed via pulleys 

(idlers) through all inboard joints which are more proximal to the base. As a consequence, 

when the motor for the distal joint (the joint at which the cable terminates) is actuated, 

torque is transmitted not only to that distal joint, but to each of the inboard joints of the 

arm, which in turn causes motions at all those proximal joints. This is in contrast to the 

conventional actuation scheme in which the motion of a joint is dependent only on a single 

actuator driving that joint. 

To control the FREFLEX, it is necessary to identify the above coupling relationship 

in order to "decouple" desired joint motions or torques into appropriate actuator commands. 

It should be noted that the coupling as described here is kinematic in nature in that it arises 

solely from kinematic constraints due to cable routing, and should not to be confused with 
the inertia coupling as seen in dynamics. Let A0molor and A0 oinl represent, respectively, 

the 7x1 vectors of displacements at the motors and their corresponding displacements at the 
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Figure 4. Cable Drive System of the FREFLEX 
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FREFLEX joints. Then they can be related by a (constant global) coupling matrix of 7x7, 

A, as follows: 

Aejoim=A-A9molor (17) 

The above coupling matrix is constant throughout the FREFLEX workspace, since it is 

only a function of geometric attributes such as relative locations of the joints and pulleys, 

numbers of pulleys used, and radii of pulleys [7]. Ideally, such a matrix can be expected to 

be lower triangular. 

In theory one can attempt a direct approach to derive the coupling matrix based on 

the aforementioned geometric attributes. However, practical considerations-such as errors 

induced by uncertainties as well as inaccuracies associated with geometric data, suggested 

that in fact it would be more reliable to identify the coupling relationship indirectly, using 

actual data of joint and motor displacements measured experimentally. 

Referring to Eq. (17), it can be easily seen that if sufficient measurements of 
A9 motor ar>d AS jo;« are available (in this case the minimum number is 7), then identification 

of the coupling matrix A amounts to solving a system of linear equations with its elements 

as the independent variables. Furthermore, one can minimize the effect of measurement 

noises by using more measurement data than the minimum and computing the generalized 

inverse solution of A. In fact, such a solution, to be given below, represents physically the 

optimum or best-fit set of elements for matrix A in a least-squares sense. 

Let the number of measurements be, say, n (n > 7). By using the n measured joint 

displacement vectors as columns, a 7xn joint measurement matrix, defined as C, can be 

formed. Similarly, let B represent the corresponding 7xn actuator measurement matrix 

comprising the correspondingly ordered actuator displacement vectors as columns. Then 

we can obtain the least-squares solution of A by: 

A = CBT(BBT)'1 (18) 

To acquire the necessary joint and actuator displacement data, the following process was 

carried out on the FREFLEX. The FREFLEX was moved to take on different 

configurations within its workspace. In the meantime, actual position readings from 

potentiometers at the joints and resolvers at the actuators were recorded at a constant 

sampling interval. Having acquired the joint and motor position readings, the difference 
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between each consecutive set of data was computed to give the corresponding displacement 

vectors which can then be used in Eq. (18) to solve for the coupling matrix. It should be 

noted that during these data collection movements, it is important that care should be taken 

not to run any joint up to its mechanical limits in order to avoid artificial bias of joint data. 

The following gives the result of the coupling matrix we have identified for the 

FREFLEX from a total of 16 position measurements, namely, 15 sets of displacement 

vectors: 

A = 

-.9617 .0548 

.9632  .9711 

-.0246 -.4294 .9672 

.0292  .1976 

.0075 .4336 

-.0052 .3139 

-.0169    .0194      .0065 -.0024 -.0255 

.0039     .0001      .0045 -.0029 -.0046 

.0257 -.0231 .0177 -.0305 

.7246    -.7250 -.0278 .0310 -.0408 

.5890     .3732 -1.1949 -.0052 -.0032 

-.2185    .2192 1.2706 -1.5005 -.0062 

.0539     .4949    -.3120    .3114      .0092      1.4494    -1.4256 

As can be seen from the result obtained here, the coupling matrix is in general agreement 

with that expected from theory, that is, elements in its upper half of the matrix above the 

diagonal, while not ideally all zeros, all have relatively small magnitudes compared to those 

in the lower half. Furthermore, it can be seen that strong cross coupling exists between 

joints 5, 6, and 7 (as can be evidenced from unusually large values of (6,5) and (7,6) 

elements), a characteristic which has been regularly observed from actual behavior of the 

FREFLEX. 

Joint Torque Decomposition 

The same kinematic coupling matrix developed in the previous section can also be 

used to decouple the torques required at the FREFLEX joints into those needed to be 

applied at the motors. By principle of virtual work, a corresponding static coupling 

relationship can be reached in a straightforward way. This is illustrated as follows. Based 

on the input-output relation of (virtual) work, we must have 

motor motor joint ü joinl (19) 

And through the use of Eq. (17), one can easily arrive at: 

v motor ^ joint (20) 
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With Eq. (20), it is now possible to compute the torque commands which are 

necessary to be applied at the motors so as to (1) counteract the gravity loads due to their 

own weight, and (2) generate the external load (force and/or moment) to be reflected to the 
operator.  Designating such motor torques in vector form as TmotOTitolal, we can combine 

Eqs. (6), (16), and (20) to yield: 

T = A ''motor, lolal -T     •   + J w gravity   '   J 

M, 

' <»'  J/ 

For clarity, the subscript "gravity" has been added to the first term in the parentheses to 

delineate the joint torque vector due only to gravity, which is available from Eq. (16) 

directly. Notice that this result is then negated to give the joint torques needed to equilibrate 

the gravity loads before its decomposition into corresponding motor commands. Similarly, 

the subscript "ext" in the second term represents resultant load of force and moment (as 

given by Eqs. (9) and (10)) to be generated by the motors, in addition to the gravity loads. 
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POSITION COORDINATION FOR THE SLAVE MANIPULATOR 

A MERLIN 6500 robot (by American Robotics Corp.) is used as the slave 

manipulator which is controlled by the operator through the FREFLEX to interact with the 

environment. The robot is a six-degree-of-freedom, revolute-jointed industrial robot with 

stepper motor drives and a geometry similar to that of the commonly known PUMA 

manipulator. Typically the MERLIN can be programmed to operate using its own specific 

programming system, AR-SMART [8], provided by the manufacturer. In order to achieve 

the necessary speed of response, the programming system is bypassed and a direct 

communication link is implemented between the FREFLEX and the MERLIN controllers 

through a high speed interface protocol [8]. 

During system operations, Cartesian position and orientation ("pose") data of the 

FREFLEX master is sent to the MERLIN controller which, in turn, must drive the slave 

robot to the same input position and orientation (which, of course, is now relative to the 

slave base frame). Obviously, for the MERLIN controller, it is necessary to compute the 

corresponding joint angles for a given pose command. Again, since these joint angles must 

be updated at every sampling time as new commands to joint servos, the computations 

must be made as efficient as possible. 

In the following, we present for completeness the results from the inverse 

kinematics analysis developed for the MERLIN to facilitate efficient computations. While 

details of analysis in arriving at the solutions will not be reported here, we note that the 

approach taken follows the one referenced in earlier discussion, in which the kinematic 

equation is separated into translational and rotational parts. For MERLIN, we have 

obtained in explicit closed form the resulting set of joint angle solutions. Based on the 

frames and D-H parameters defined in Figure 5, the complete solutions are given as 

follows. 

Let the desired position transformation be given by: 

q.! Ql2 q,3 

T6 = 
"Q 
0 

r" 

1 
= 

q2i 

q3i 

0 

q22 

q32 

0 

q23 

q33 

0 
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Figure 5. Schematic of MERLIN Robot and Definition of Kinematic Frames 
with Its Corresponding Table of D-H Parameters 
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And define: 
ri-qi3d6 M 
r2-q23d6 

= h2 

.r3-q33
d6. Lh3j 

Then 

0! = atan 2 (h2, hj) - atan 2 ^.0„n- U2 

where   rj = -^/hf+hf;    G1 = ±1 

e3 = atan2(s3,c3)       where f = h,cos6, + h2 sin9,;   c2=±l 

f2   ,   L2       „2 .2   r  +h3-a2-d4 r— 
S3= r~T*  ;      C3=G2V1-; 

za2Q4 

02 = atan2(s2,c2)       where 

_fd4c3-h3(a2 + d4s3) _ h3d4c3-f(a2+ d4s3) 

h2 + f2 '   °2 h3
2 + f2 

Next form: 

B = 
b„ b12 b13 

b21 b22 b23 
= 

b31 b32 b33_ 

-s,       c, 0 Q 

Then: 

04 = atan 2 °3b23 G3b23 

,Vbl23 + b23   'Vb?3 + b 
2 
23 J 

■   a, = ±l 

95=atan2(-b13c4-b23s4,b33) 

06 = atan2 ((b2Ic4 - bns4), (b22c4 - b12s4)) 

It is important to note that the computations should be carried out in the same order as 

presented above. 
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It might be helpful to make a few general comments concerning the practical 

implementation of the inverse kinematics solution. Note that, although in theory multiple 

solutions are possible to achieve a given end-effector position (e.g., a total of eight 

solutions for the MERLIN geometry), restrictions from physical and/or operational 

constraints will often render fewer feasible solutions in reality. As a case in point, the 

MERLIN used in this study was physically constrained to maintain a left-shoulder 

configuration, stipulating <?, being always positive. If, in addition, an elbow-up constraint 

(CJ2 negative) is also imposed, the number of feasible solutions then reduces to two, given 

by the remaining two values of S3 corresponding to different configurations of the wrist 

assembly. Which of the two to pick can depend on operational consideration, such as 

selecting the one closest to the current positions, namely the one which results in the 

minimum joint motions. 

Another seemingly trivial but nevertheless useful note concerns the way in which 

the joint angle command is expressed. As a rule of good practice, one should express the 

angles returned from trigonometric operation (e.g., atan2) in a sign consistent manner, i.e., 

between +/- 180 degrees, particularly when they are to be used as joint commands. This 

arises from the fact that most joint servos are direction-sensitive to the signs of angles; 

angular joint commands of, say, 150 degrees and -330 degrees are likely to cause the motor 

to turn in opposite directions, although they both will reach the same angular position 

eventually. 
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DISCUSSION AND CONCLUSION 

We have presented the development of coordination algorithms for control 

implementation of a telemanipulation system consisting of an exoskeleton master and an 

articulated slave manipulator. Physical modeling to analyze mechanics of each subsystem 

was established, and algorithms for its coordination were subsequently formulated. 

Throughout the development, special emphasis was placed on computation efficiency due 

to its role in system performance. 

The algorithms presented in this report have been fully tested and implemented on 

the robot subsystems and, as a result, significant improvements in the overall system 

performances have been achieved. In an initial implementation on the FREFLEX, using 

the same processor (68020), a greater than five-fold speed increase in computation cycle 

time (from 90 down to 16 msec) was achieved using the present algorithm as compared to 

an earlier one. One can further improve the sampling rate by (1) using a faster processor, 

and (2) updating the gravity torque commands (the most computationally intensive part) 

less frequently. The latter is justified in light of slowly changing configurations of the 

FREFLEX when being controlled by the operator. Both of the above steps have been done 

and, as of this writing, a FREFLEX motor torque update rate of 287 Hz has been attained 

using a newly replaced 68030 processor and updating gravity torque commands once every 

10 cycles. The MERLIN inverse kinematics solution is computed on a 68030 processor in 

less than the minimum 4 ms MERLIN controller update period. 
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