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Human Extenders 
A human's ability to perform physical tasks is limited by physical strength, not by 
intelligence. We coined the word "extenders" as a class of robot manipulators worn 
by humans to augment human mechanical strength, while the wearer's intellect 
remains the central control system for manipulating the extender. Our research 
objective is to determine the ground rules for the control of robotic systems worn 
by humans through the design, construction, and control of several prototype ex­
perimental direct-drive/non-direct-drive multi-degree-of-freedom hydraulic/electric 
extenders. The design of extenders is different from the design of conventional 
robots because the extender interfaces with the human on a physical level. The work 
discussed in this article involves the dynamics and control of a prototype hydraulic 
six-degree-of-freedom extender. This extender's architecture is a direct drive system 
with all revalue joints. Its linkage consists of two identical subsystems, the arm and 
the hand, each having three degrees of freedom. Two sets of force sensors measure 
the forces imposed on the extender by the human and by the environment (i.e., the 
load). The extender's compliances in response to such contact forces were designed 
by selecting appropriate force compensators. The stability of the system of human, 
extender, and object being manipulated was analyzed. A mathematical expression 
for the extender performance was determined to quantify the force augmentation. 
Experimental studies on the control and performance of the experimental extender 
were conducted to verify the theoretical predictions. 

1 Introduction 
Robot manipulators perform tasks which would otherwise 

be performed by humans. However, in even the simplest of 
tasks, robot manipulators fail to achieve performance com­
parable to the human performance which is possible with the 
human intellect. For example, humans excel at avoiding ob­
stacles, assembling complex parts, and handling fragile objects. 
No manipulator can approach the speed and accuracy with 
which humans execute these tasks. But manipulators can ex­
ceed human ability in one area: strength. The ability of a human 
to lift heavy objects depends upon muscular strength. The 
ability of a robot manipulator to lift heavy objects depends 
upon the available actuator torques: a relatively small hydraulic 
actuator can supply a large torque. In contrast, the muscular 
strength of the average human is quite limited. 

To benefit from the strength advantage of robot manipu­
lators and the intellectual advantage of humans, a new class 
of manipulators called "extenders" was studied [14, 15]. The 
extender is defined as an active manipulator worn by a human 
to augment the human's strength. The human provides an 
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intelligent control system for the extender, while the extender's 
actuators provide most of the strength necessary for perform­
ing the task. Figure 1 shows the experimental hydraulic ex­
tender designed and built at the University of California at 
Berkeley. 

The key to this new concept is the exchange of both infor­
mation signals and physical power. Traditionally, the exchange 
of information signals only has characterized human-machine 
interaction in active systems [14, 26]. But the extender is dis­
tinguished from conventional master-slave systems in an im­
portant way: the extender is worn on the human body for the 
purpose of direct transfer of power. So the human body ex­
changes both information signals and physical power with the 
extender [15]. There is actual physical contact between the 
extender and the human body. Because of this unique interface, 
the human becomes an integral part of the extender and "feels" 
the load that the extender is carrying. In contrast, in a con­
ventional master-slave system (i.e., when there is no force 
reflection), the human operator may be either at a remote 
location or close to the slave manipulator, but the human is 
not in direct physical contact with the slave. The human can 
exchange information signals with the slave, but not mechan­
ical power. So the input signal to the slave is derived from a 
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Fig. 1 Experimental six·degree·of·freedom hydraulic extender

naturally in the extender. Without a separate set of actuators
the human arm feels the actual forces on the extender, both
direction of motion and a scaled-down version of mass. For
example, if an extender manipulates a 200 lbf object, the hu­
man may feel 10 lbf while the extender supports the rest of
the load. The 10 lbf contact forces are used not only for
manipulation of the object, but also for generating the ap­
propriate signals to the extender controller. The contact forces
between the human and the extender, and the load and the
extender are measured, appropriately modified via control the­
ory to satisfy performance and stability criteria, and used as
an input to the extender controller.

The objective of this research effort is to determine the rules

a transfer function matrix representing the
stability controller
the degrees of freedom of the extender
a vector; the actual position of the exten­
der endpoint
a vector; the desired position of the exten­
der endpoint
a matrix; the performance index
the Laplace operator
a matrix; the sensitivity transfer function
mapping load force fe to extender position,
p
a matrix; the sensitivity transfer function
mapping human force fh to extender posi­
tion, p
a vector; the human muscle force which in­
itiates a maneuver
a transfer function matrix representing the
controller operating on the human force, fh
a vector, operator representing the nonlin­
ear dynamics in the human and the load
frequency range of operation
scalar
scalar constants
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difference in the control variables (i.e., position and/or ve­
locity) between the master and the slave, but not from any set
of contact forces.

In the extender system, the input signal to the extender is
derived from the set of contact forces between the extender
and the human. These contact forces are part of the physical
force needed to move objects, and additionally are used to
generate information signals for controlling the extender. In
a typical master-slave system, such natural force reflection does
not occur because the human and the slave manipulator are
not in direct physical contact. Instead, a separate set of ac­
tuators are required on the master to reflect forces felt by the
slave back to the human operator. Force reflection occurs

Nomenclature ---------------------------------
All matrices and vectors are n x nand n x I, where n is

the number of degrees of freedom for the extender. The La­
place arguments of the transfer functions and the arguments
of nonlinear operators are shown in the Nomenclature but are
dropped in the text.

E(p) a vector, nonlinear operator; representing
the load dynamics

Eo(s) a transfer function matrix; representing the
linear portion of the load dynamics

fe a vector; the force imposed on the extender
by the load

fex! a vector; any force imposed on the load by
external objects other than the extender or
the human arm

fh a vector; the force imposed on the extender
by a human arm

f: a vector; the force imposed on the extender
by an arm at no-load condition

G(s) a matrix; the closed-loop transfer function
mapping desired position, Pde, to extender
endpoint position, P

H(p) a vector, nonlinear operator representing
human arm dynamics

Ho(s) a transfer function matrix representing the
linear portion of the human arm dynamics
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for the control of robotic systems worn by humans through 
the design, construction, and control of a prototype experi­
mental extender. Section 2 reviews the history of devices similar 
to the extender. Section 3 gives an overall view of the systems 
dynamic behavior. Sections 4 and 5 discuss the control system 
architecture. Section 6 presents experimental results pertaining 
to the stability and performance of this experimental extender. 
Section 7 offers conclusions drawn from this effort. 

2 History 
The concept of a device which could increase the strength 

of a human operator using a master-slave system has existed 
since the early 1960s. The concept was originally given the 
name "man-amplifier." The man-amplifier was defined as a 
type of manipulator which greatly increases the strength of a 
human operator, while maintaining the human's supervisory 
control of the manipulator. 

In the early 1960s, the Department of Defense was interested 
in developing a powered "suit of armor'' to augment the lifting 
and carrying capabilities of soldiers. The original intent was 
to develop a system which would allow the human operator 
to walk and manipulate very heavy objects. Research was done 
for the Air Force in 1962 at the Cornell Aeronautical Labo­
ratory to determine the feasibility of developing a master-slave 
system to accomplish this task. This study found that dupli­
cating all human motions would not be practical, and that 
further experimentation would be required to determine which 
motions were necessary. It was also determined that the most 
difficult problems in designing the man-amplifier were in the 
areas of servo, sensor and mechanical design [4]. Further work 
at the Cornell Aeronautical Laboratory determined that an 
exoskeleton having far fewer degrees of freedom than the hu­
man operator would be sufficient to carry out most desired 
tasks. In 1964, Cornell developed a preliminary arm and shoul­
der design. This design demonstrated that the amplifying abil­
ity of the manipulator was limited by the physical size of the 
hydraulic actuators required to amplify the human operator's 
strength [22, 23, 24]. 

From 1966 to 1971, General Electric completed work on the 
man-amplifier concept through prototype development and 
testing. This man-amplifier, known as the Hardiman, was a 
system of two overlapping exoskeletons worn by the human 
operator and was designed as a master-slave system. The master 
was the inner exoskeleton, which moved due to the motions 
of the operator. The slave was the hydraulically-actuated outer 
exoskeleton, which followed the motions of the master. Thus, 
the slave exoskeleton also followed the motions of the human 
operators [9, 10, 11, 20]. 

It is important to note that previous systems (described above) 
operated based on the master-slave concept, rather than on 
the direct physical contact between human and manipulator 
inherent in the extender concept. Unlike the Hardiman and 
other man-amplifiers, the extender is not a master-slave system 
(i.e., it does not consist of two overlapping exoskeletons.) 
There is no joystick or other device for information transfer. 
Instead, the human operator's commands to the extender are 
taken directly from the interaction force between the human 
and the extender. This interaction force also helps the extender 
manipulate objects physically. In other words, information 
signals and power transfer simultaneously between the human 
and the extender. The load forces naturally oppose the extender 
motion. The controller developed for the extender translates 
this interaction force signal into a motion command for the 
extender. This allows the human to initiate tracking commands 
to the extender in a very direct way. The concept of transfer 
of power and information signals is also valid for the load and 
extender. The load forces are measured directly from the in­
terface between the load and the extender and processed by 
the controller to develop electronic compliancy [13, 16, 17, 
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Fig. 2 The overall block diagram for the extender. The extender dy­
namics, which are linearized by the primary stabilizing controller, are 
represented by G, Sh and Se. The human and the load dynamics are 
represented by two nonlinear operators, H and £ Two linear controllers 
(a and K) modulate the forces fh and fe. 

and 18] in response to load forces. In other words, information 
signals and power transfer simultaneously between the load 
and the extender [14, 15]. 

3 Modeling 
This section models the dynamic behaviors of the extender, 

the human arm and the load being maneuvered; these models 
are combined in Fig. 2. It is assumed that the extender primarily 
has a closed-loop position controller, which is called the pri­
mary stabilizing controller. The resulting closed-loop system 
is called the primary closed-loop system. The design of the 
primary stabilizing controller must consider the following three 
issues. 

(1) Exact dynamic models for the extender are difficult to 
produce because of uncertainties in the dynamics of the 
extender actuators, transmissions and structure. These 
uncertainties become a major barrier to the achievement 
of the desired extender performance, especially when 
human dynamics are coupled with the extender dynamics 
in actual machine maneuvers. The extender's primary 
stabilizing controller minimizes the uncertainties in the 
extender dynamics and creates a more definite and linear 
dynamic model for the extender. Therefore, it is assumed 
that the dynamics of the extender are linearized by the 
primary stabilizing controller over a range of operation. 
This linear model may then be used to design other 
controllers that operate on forces//, (i.e., the human 
force) and/e (i.e., the load force). For the experimental 
extender employed in this research effort, the computed-
torque method along with a PD controller [1, 2] is used 
as the primary stabilizing controller to create a more 
definite and linear dynamics for the extender. 

(2) Extender stability must be guaranteed when the human 
is not maneuvering the extender. This is a very important 
safety feature: when the human separates his/her hand 
from the extender in emergency situations, the primary 
stabilizing controller must hold the extender stationary 
at the configuration at which the human arm separated 
from the extender. 

(3) The design of the primary stabilizing controller must let 
the designer deal with the effect of the extender uncer­
tainties without concern for the dynamics of the human 
operator. The human arm dynamics, unlike the extender 
dynamics, change significantly with each human and also 
within one person over time [12, 25]. Considering the 
control difficulties arising from the human and load 
nonlinear dynamics, it is a practical matter to make every 
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effort in developing a linear dynamic behavior for the 
extender. 

The selection of the primary stabilizing controller is not 
discussed here; a variety of controllers may be used to stabilize 
the extender in the presence of uncertainties and nonlinearities. 
These controllers result in uncoupled and linearized closed-
loop behavior for the extender within a certain frequency range 
[28]. 

Regardless of the type of primary stabilizing controller, the 
extender position, p, results from two inputs: (1) the desired 
position command, />des, and (2) the forces imposed on the 
extender. The transfer function matrix G represents the pri­
mary closed-loop position system which maps pdes to the ex­
tender position, p. Two forces are imposed on the extender: 
/;, is imposed by the human, and fe is imposed by the load. 
Si,, an extender sensitivity transfer function, maps the human 
force, //,, onto the extender position, p. Similarly, Se, an ex­
tender sensitivity transfer function, maps the load force, fe, 
onto the extender position, p. If the primary stabilizing con­
troller is designed so that Si, and Se are small, the extender has 
only a small response to the imposed forces fh and fe. A high-
gain controller in the primary stabilizing controller results in 
a small Sh and Se and consequently a small extender response 
to/A and/e. Using G, Se and Sh, Eq. (1) represents the dynamic 
behavior of the extender. 

p = Gpdes + Shfh + Sefe (1) 

The middle part of the block diagram in Fig. 2 represents 
the extender model (i.e., Eq. (1)) interacting with the human 
and the load. The upper left part of the block diagram rep­
resents the human dynamics. The human arm's force on the 
extender, //,, is a function of both the human muscle forces, 
uh, and the position of the extender, p. Thus, the extender's 
motion may be considered to be a position disturbance oc­
curring on the force-controlled human arm. If the extender is 
stationary (i.e.,p = 0), then the force imposed on the extender 
is solely a function of the human muscle force command pro­
duced by the central nervous system. Conversely, if the ex­
tender is in motion and uh = 0, then the force imposed on 
the extender is solely a function of the human arm impedance, 
H(p). His a nonlinear operator representing the human arm 
impedance as a function of the human arm configuration; H 
is determined primarily by the physical properties of the human 
arm [5,19,27]. Based on the above, Eq. 2 represents a dynamic 
model of the human arm. 

fh = uh-H(p) (2) 

The specific form of Ui, is not known other than that it results 
from human muscle force on the extender. A simple study of 
how the central nervous system generates the desired force 
command uh is given in [6, 8]. The experimental procedure to 
measure H from various subjects is given in Section 6. 

It is assumed that the extender is maneuvering a load. The 
load force impedes the extender motion. The extender con­
troller translates the two measured interaction forces (i.e., the 
human forces and load forces) into a motion command for 
the extender to create a desired relationship between the human 
forces and the load forces. E is a nonlinear operator repre­
senting the load dynamics. /ext is the equivalent of all the 
external forces imposed on the load which do not depend on 
p and other system variables. Equation (3) provides a general 
expression for the force imposed on the extender, fe, as a 
function of p. 

fe=~E(p)+fta (3) 
In the example of accelerating a point mass m along a hori­
zontal line, the load force, fe, can be characterized by fe 
= m^p. In this case E = ms? and/ext = 0 where p is the mass 
position and 5 is the Laplace operator. If the load is large and 

cannot be represented by a point mass, then E can be calculated 
using Lagrangian formulation. 

The diagram of Fig. 2 includes two linear controllers, a(s) 
and K(s), which modulate the forces//, and/,, a and K (which 
are implemented on a computer) must be designed to produce 
a desired performance in the extender system; this is described 
in the next section. As the Fig. 2 block diagram shows, the 
performance filter a lets designers choose the appropriate per­
formance for the extender, and the stability filter K (which 
operates on both fh and /,) guarantees the system stability 
when the extender is used by people with various arm imped­
ances (strengths). 

4 Control 
To understand the role of controllers a and K, assume for 

a moment that neither controller is included in the system. If 
the commanded position, /?des, the human muscle forces, uh, 
and the external forces,/ext, all equal zero, then the extender 
position, p, equals zero, and no motion is transmitted to the 
load. This is the case when the human is holding the extender 
without intending to maneuver it. If the human decides to 
initiate a maneuver, then uh takes on a nonzero value, and an 
extender motion develops from / , . The resulting motion is 
small if Sh is small. In other words, the human may not have 
enough strength to overcome the extender's primary closed-
loop controller. 

To increase the human's effective strength, the extender's 
effective sensitivity to //, must be increased by measuring the 
human force, //,, and passing it through the controllers a and 
K. Figure 2 shows that GKa, parallel with Sh, increases the 
effective sensitivity of the extender to//,. To retain a sense of 
the load in the extender operating, the load force, /<,, is also 
measured and passed through K. This produces the loop GK, 
parallel with Se, which increases the effective sensitivity of the 
extender to fe. The output of K is applied to the extender as 
a desired position command, pdes. K and a must be chosen to 
ensure the stability and performance of the closed-loop exten­
der system. The proper choice of K and a achieves a desired 
ratio of human force to load force, and guarantees the closed-
loop stability of Fig. 21. Note that both the human force, //,, 
and load force,/,, are measured for feedback to the extender: 
the measure of//, (after passing through a and K) will move 
the extender, while / , (after passing through K) will impede 
the extender motion. 

Next, the following question is addressed: how should the 
extender perform in a particular maneuver? In specifying the 
extender's performance, the designers decree the important 
criteria which must be met for the successful completion of a 
maneuver. Also in the performance specification, the designers 
describe the extender behavior they find desirable if stability 
can be maintained. Performance goals and stability require­
ments do conflict. As is clarified in the next section, the de­
signers must balance this trade-off to develop an extender that 
both performs well and is guaranteed to be stable. 

The following example illustrates a simple specification for 
the extender performance. The human uses the extender to 
maneuver a free mass in space. A reasonable performance 
specification for this example would state the level of ampli­
fication of the human force which is applied to the free mass. 
If the force amplification is large, a small force applied by the 
human results in a large force being applied to the free mass. 
If the amplification is small, a small force applied by the human 
results in a small force begin applied to the free mass. Con­
sequently, if the amplification is large, the human "feels" only 
a small percentage of the interaction force with the free mass. 
Most importantly, the human still retains a sensation of the 

'Another way of interpreting K and a is as follows. Jf is a linear controller 
that servos the difference between (ft) and (afh) to zero. 
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dynamic characteristics of the free mass, yet the load essentially 
"feels" lighter. 

With these heuristic ideas of system performance, the ex­
tender performance is captured in Eq. (4) where //,* is the 
human force applied to maneuver the extender when no load 
is present. R is the performance matrix, and [0, wp] is the 
frequency range of the human arm motion. 

ifh-fh*)=-Rfe for all we[0,Wp] (4) 

Equality 4 guarantees that ( / / , - / / ,* ) , the portion of the human 
force that is actually applied to maneuver the load, is pro­
portional to the load force, fe. The performance matrix R is 
an n x n linear transfer function matrix. Suppose R is chosen 
as a diagonal matrix with all members having magnitudes 
smaller than unity over some bounded frequency range, [0, 
u>p\. Then the human force is smaller than the load force by 
a factor of/?. Suppose R is chosen as a diagonal matrix with 
all members having magnitudes greater than unity. Then the 
human force is larger than the load force by a factor of R. In 
a more complex example, the transfer function matrix R may 
be selected to represent linear passive dynamic systems (i.e., 
combinations of dampers, springs and masses). The frequency 
range [0, wp], implies the desired frequency range in which the 
designers wish to operate the extender (i.e., human motion). 
Specifying oip allows the designers to achieve equality (4) only 
for a bounded frequency range; there is no need to achieve 
Eq. (4) for an infinite bandwidth. Establishing the set of per­
formance specifications described by Eq. (4) gives designers a 
chance to express what they wish to have happen during a 
maneuver. Note that Eq. (4) does not imply any choice of 
control technique for the extender. We have not even said how 
one might achieve the above performance specification. Equa­
tion (4) only allows designers to translate their objectives into 
a form that is meaningful from the standpoint of control the­
ory. 

By inspecting Fig. 2, the extender position is written as a 
function of//, and/,,. 

p=(GKa + Sh)fh+(GK+Se)fe (5) 

Now suppose that the human maneuvers the extender through 
the same trajectory indicated by p in Eq. (5), except without 
any load. The no-load human force, / ,* , is then obtained by 
inspection of Fig, 2 where E = 0 and/ex , = 0: 

p=(GKa + Sh)fh* (6) 

Equating the trajectories from Eqs. (5) and (6) results in Eq. 
(7). 

( / * - / » * ) = - {GKa + Shy\GK+Se)fe (7) 

Comparing Eqs. (4) and (7) shows that to guarantee the per­
formance represented by R in Eq. (4), inequality (8) must be 
satisfied. 
omax[{GKct + Shr

[(GK + Se)-R]<e for all «€[0,wp] (8) 

<W represents the maximum singular value, e represents a 
small positive number chosen by the designer to denote the 
degree of precision required for the specified performance 
within the frequencies [0, oip]. A small value for e (e.g., 0.01) 
indicates a close proximity of the actual system performance 
to the specified performance R (e.g., within a 1 percent error). 
Note that the human and load dynamics, H and E, are absent 
from inequality (8). Thus, achievement of the specified per­
formance R depends only on the extender dynamic behavior 
(G, Se, Sh) and on the controllers (K, a), and not on the 
particular human operator and load. However the stability of 
the closed-loop system in Fig. 2 which depends on E and H 
must be guaranteed. 

Satisfaction of inequality (8) guarantees that the perform­
ance defined by Eq. (4) is achieved with precision e. Therefore, 
the goal is to select K and a so condition (8) is satisfied. 
Assuming that R is selected so R~l always exists, a is chosen 

to be equal to R ~'. (This unexpected choice for a results from 
investigations of several design methods). Substituting R ~' for 
a in inequality (8) shows that any K which satisfies inequality 
(9) also satisfies inequality (8). 

/s^ls\-~- °max (S e — SftR )ffmax (R) t „, , m , / m 

amax(GK)> for all we[0,iop] (9) 

Inequality (9) suggests that, since e is a small number, the 
designer must choose K to be a transfer function matrix with 
large magnitude to satisfy inequality (9) for frequencies co€[0, 
up] and for a given e, R, Sh and Se. The smaller e is chosen to 
be, the larger K must be to achieve the desired performance. 
K may not be arbitrarily very large: the choice of K must also 
guarantee the closed-loop stability of the system shown in Fig. 
2, as discussed in the next section. 

5 Stability 

It has been shown that, to achieve the system performance 
indicated by R, a must be equal to R~' and K must be a large 
transfer function matrix satisfying inequality (9). However, 
the designers must realize that the closed-loop system of Fig. 
2 must remain stable for these choices of a and K. The selection 
of K is particularly important since H and E generally contain 
nonlinear dynamic components. For example, the human arm 
impedance H changes from person to person and also within 
one person over time. The load dynamics E is also a nonlinear 
element, as discussed earlier. Compared to the human arm 
and load dynamics, the extender dynamics (G, Se, Sh) are 
generally well-defined due to the primary stabilizing controller. 
Consequently, this analysis focuses on designing a stabilizing 
controller K in the presence of all bounded variations of the 
nonlinear operators H and E with G, Se and Sh being known 
and linear dynamics. The following questions illuminate our 
approach to the design of K. 

In designing K, is it possible to work with a human 
and a load with linear dynamics (represented by H0 

and EQ) instead of the nonlinear dynamics represented 
by operators H and E? If the answer is yes, then what 
properties should H0 and E0 have so that the designed 
K both satisfies inequality (9) and stabilizes the Fig. 
2 system in the presence of a family of nonlinear 
operators H and E? 

The block diagram of Fig. 2 is transformed into the block 
diagram of Fig. 3 in order to group the nonlinear operators, 
H and E, into one block on the diagram. 

Sh and Se represent the sensitivities of the extender position 
to the human and load forces. G, Sh and Se depend on the 
nature of the extender's primary stabilizing controller. If a 
primary stabilizing controller with a large position loop-gain 
or integral control is chosen to insure small steady-state errors, 
then S/, and Se are extremely small compared to G, approaching 
zero at steady-state. Prototype extender designs have produced 
sensitivities on the order of 103 to 106 times smaller than G 
[15]. If the extender actuators are non-backdrivable, as in 
systems with geared large transmission ratios, then Sh and Se 

are zero, regardless of how carefully the extender's primary 
stabilizing controller is chosen. Since Sh and Se are typically 
much smaller than G, their effect on the overall system dy­
namics is negligible. Therefore Sh and se are disregarded in the 
following stability analysis. Figure 4 presents the resulting sim-

-• f ' ' ' ' ' 

DO! E3 
• ( y* 1 

Fig. 3 Simplified block diagram of Fig. 2. / is a unity matrix. 
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Fig. 4 In systems with very small sensitivity transfer functions, Se and 
Sh are much smaller than G and their effect on the overall system dy­
namics is negligible 
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Fig. 5 A is the stable nonlinear operator representing the nonlinear 
human and load dynamics 

plified stability diagram. Note that the stacked nature of the 
input signal, the human and load dynamics in Fig. 4 are now 
reduced to single entities where (aH + E) is a nonlinear op­
erator, and K and G are transfer function matrices. 

If H0 and E0 are assumed to represent a particular set of 
linear human and load dynamics, Eq. 10 represents the general 
form of H and E where A is the stable nonlinear part of the 
dynamics. In cases where the nonlinear dynamics may not be 
directly separated from the linear dynamics, an estimate of H0 

and E0 must be formed from experiments such as those in 
Section 6. 

aH(p)+E(p) = [aH0 + E0]p + A(p) 

Note that [aH0 + E0] is a transfer function matrix operating 
on p. The block diagram of Fig. 4 can be transformed into 
the block diagram of Fig. 5 which separates the nonlinear term 
A from the linear terms [aH0 + E0]. With respect to Fig. 5, 
the design of K is approached as follows. A stabilizing con­
troller K must be designed for a set of linear H0 and E0 so that 
the closed-loop system of Fig. 5 remains stable and inequality 
(9) (indicating the performance) is satisifed2. This controller 
must guarantee enough stability robustness for all bounded 
values of H and E. Therefore, the goal is to find a particular 
class of H0 and £0 and a stabilizing controller K that together 
yield the largest stability robustness for a given largest A, 
Equation 11 represents the forward loop in Fig. 5(b). 

Gc=[I+GK(aH0 + E0)]-lGK (11) 

The stability of each element in Fig. 5(b) is described by 
inequalities (12), (13), and (14): 

lla«„+/ex = /3in<oo "input is Loo bounded" (12) 

llelL<\All/?ll0o + l6A "A is L„o stable" (13) 

\\pII00<XGcIIell«, + /Joe "Gc is Lo„ stable" (14) 

X and (3 are finite positive constants that indicate L«, stable 
mappings. The closed-loop system of Fig. 5 is L„o stable if the 
norm of the output p is bounded. According to the Small Gain 
Theorem [7], this is guaranteed if inequality (15) is satisfied3. 

The human arm impedance H changes from person to person 
and also within one person over time. This leads to large 
variations for XA. To obtain an intuitive feel for the stability 
condition in inequality (15), evaluation of inequality (15) within 
the operating range of the extender system is useful. If K is 
designed as a very large transfer function in order to guarantee 
system performance (as prescribed by inequality (9), then Eq. 
(11), within the controller bandwidth, may be approximated 
by: 

Gc«laH0+E0r
l for all w6[0,/3„] (16) 

One must choose the largest load that an extender can ma­
nipulate to be EQ, the strongest human impedance to be HQ, 
and the greatest force amplification as a performance speci­
fication to be «max. Then, [ammH0 + EQ] will be larger, and 
Gc and consequently XCc will be smaller. If \QC is smaller, then, 
according to inequality (15), XA takes on larger values. In other 
words, if the largest values of amax, H0 and E0 are used to 
design a stabilizing K (i.e., one that guarantees inequality (9), 
then the closed-loop system will remain stable in the presence 
of the large variations of human and load dynamics represented 
by a large XA- See References [13] and [18] for similar studies 
on stability of robotic compliant maneuvers. 

Inequality (9) also teaches that a large K is needed to guar­
antee achievement of the system performance. Inspection of 
Fig. 4 shows that choosing a large [amaxL/o + E0] for stability 
robustness (as discussed above) restricts the designer's choices 
for a large K. This is true because large values for both K and 
[amax-Wo + EQ] may cause a large loop gain and consequently 
an unstable system in Fig. 5. Therefore, although choosing a 
large value for [ctmmH0 + E0] leads to stability robustness, it 
may prohibit the designer's choosing a large K to satisfy the 
performance specification in inequality (9). Thus, the better 
understood the load and human dynamics are, the smaller XA 

will be; this leaves more room to increase K and gain more 
precision in achieving the desired performance as stated by 
inequality (9).4 

(10) 6 Experimental Analysis 

Extender Dynamics. The prototype six-degree-of-freedom 
hydraulic extender (Fig. 1) is used to verify experimentally the 
theoretical predictions of the extender's stability and perform­
ance. The primary functions of the extender shown in Fig. 1 
are grasping and manipulating heavy objects. The prototype 
hydraulic extender's hand linkage performs the grasping func­
tion while the arm mechanism executes the load manipulations. 
The arm mechanism (shown in Fig. 6) consists of a forearm 
and an upper arm and has three degrees of freedom. The 
rotational axes of the extender arm are designed to coincide 
with those of the human arm joints. Both the upper arm and 
the forearm are planar four-bike linkages. The upper arm is 
driven by actuator A2, while the forearm is driven by actuator 
A3. Both actuators 2 and 3 are located on a bracket which 
rotates in response to the rotation of actuator Al . Actuator 
Al is anchored to a base which is attached to the ground so 
the extender is not mobile. The arm uses four-bar linkages 
because: (1) the reaction torque of A2 does not act directly on 
A3, and vice versa; (2) the weight of one motor is not a load 
on the other; and (3) both actuators may be placed outside of 
the human viewing area. Figure 6 also shows a three-direction 

2Note that the performance as defined by inequality (9) is independent of H0 

and £0. 

Since Gc, by definition is linear and L„-stable, \Gc is defined as the A-norm 
of the impulse response of Gc, and /3Gc equals zero. See Reference [13] for linear 
analysis on constrained robotic maneuvers. 

4As Mick Jagger wrote: "You can't always get what you want." 
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X 
direction 

force sensor 

Fig. 6 The extender arm has three degrees of freedom. The upper arm 
is driven by actuator A2, while the forearm is driven by actuator A3. Both 
actuators 2 and 3 are located on a bracket which rotates in response to 
the rotation of actuator A1. 

human arm 

load ™ „ \ 
glove 

gripper to grasp the load 

Fig. 7 The extender hand has three degrees of freedom. Actuator A4 
twists the whole arm while actuators AS drives the axis of wrist flexion 
and extension. Actuator A6 opens and closes the gripper. 

piezoelectric force sensor that measures the first three com­
ponents of human force, fh. 

The extender hand mechanism is shown in Fig. 7; it has 
three degrees of freedom. The need to minimize operator fa­
tigue requires that the extender hand be easily integrated with 
human hand postures. Actuator A5 drives the axis of wrist 
flexion and extension. For tasks that require secure grasping, 
humans apply opposing forces around the object. Opposing 
forces in the extender hand are created by motion of the thumb 
relative to the wrist via actuator 6. A5 and A6 are both located 
on a bracket connected to actuator A4 which twists the whole 
hand mechanism. The human hand is located in a glove which 
has force sensors mounted at the interfaces between the hand 
and the glove for measuring the human force,/A, in six direc­
tions. Figure 8 shows the exact points at which the human is 
in contact with the extender glove for the measurement of the 
second three components of//,. A thin elastic material is used 
at these contact points for the comfort of the human hand. 
The human operator can adjust the tightness of this glove 
simply by moving his/her elbow position horizontally. Several 
force sensors, not shown in the figure, are also mounted at 
the gripper to measure the load force, fe, in six directions. The 
materials and the dimensions of the extender components are 
chosen to preserve the structural-dynamic integrity of the ex­
tender. Each link is machined as one solid piece rather than 
as an assembly of smaller parts. The links are made of high 
strength 7075 aluminum alloy to reduce the weight of the 
extender.5 

The extender's primary closed-loop controller measures an­
gular position using encoders. The extender linear model has 
been resulted because of use of a computed torque method for 
cancellation of the extender gravity and coriolis forces and a 
PD controller for stabilization and robustness. (For brevity, 
the selection of the primary stabilizing compensator (i.e., com­
puter torque method and PD controller) is not discussed here. 
See Reference [2] for a detailed description of such a control 

'This article is dedicated to the dynamics and control of the extender as it 
interacts with the human and the load. (The details kinematic, dynamic, and 
structural analysis of the extender is not being described here in this article.) 

finger attachment point 

forearm attachment point 
thumb attachment point 

Fig. 8 The human hand is constrained by the glove. Any intent to 
maneuver by the human arm results in measurement of the human forces 
by the force sensors in the glove. 

Fig. 9 The experimental extender used to verify the analysis. Both 
forces fh and f, have six components. 

101 

frequency (rad/s) 

Fig. 10 Theoretical and experimental frequency response of the pri­
mary closed-loop system from input command to extender position 

method.) Employing this primary controller, the extender 
closed-loop dynamics in the Cartesian coordinate frame (Fig. 
9) in all directions can be described by Eq. (17). This equation 
has been verified experimentally and its magnitude is shown 
in Fig. 10 within a bounded frequency range. The 30 rad/s 
bandwidth in the plot implies that the extender does not re­
spond to frequencies after 30 rad/s (about 5 Hertz). 

G(s)={ g2 
1.565 

ft/ft (17) 

\3158 18.28 
-+1.565 
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Note that we have two concerns in achieving the bandwidth 
of the primary stabilizing controller: (1) human arm frequency 
range of operation, and (2) extender unmodeled dynamics fre­
quency range. Note that the stability robustness to high fre­
quency unmodeled dynamics in the extender requires small 
gain for the primary stabilizing controller at high frequencies 
while tracking the human arm motion requires large gain for 
the primary stabilizing controller within the frequency range 
of human arm maneuvers. We will learn in the next section 
that the normal human arm maneuvers contain frequency com­
ponents of about up to 3.Hertz. Therefore the primary sta­
bilizing controller loop has been shaped to cross over at 
frequencies less than the frequency range of extender unmo­
deled dynamics. This resulted in 5 Hertz bandwidth for the 
extender which is sufficient for various normal maneuvers. To 
achieve a wide bandwidth for the extender, designers should 
have a good model of the extender at high frequencies and 
consequently, a weak set of stability robustness specifications 
at high frequencies. It will be shown later that the 5 Hertz 
bandwidth will become the major impediment in achieving the 
desired force amplification at high frequency maneuvers. 

The primary stabilizing controller also develops very small 
sensitivity for the extender. Equations (18) and (19) show the 
extender sensitivity in response to a human force and the load 
force in actuator Al only. The small DC gains given by Eqs. 
(18) and (19) imply strong non-backdrivability; this has resulted 
from the large supply pressure and large PD gains for the 
primary stabilizing controller. Since the sensitivity of all ac­
tuators is within the range given by Eqs. (18) and (19), the rest 
of the experimental analysis assumes Sh = 0 and Se = 0. See 
Reference [21] for dynamics of the servovalves and hydraulic 
rotary actuators. 

frequency (irad/sec) 

Fig. 11 The experimental and theoretical plot of H; the human operator 
holds the extender loosely 

101 
frequency (rad/sec) 

Fig. 12 The experimental and theoretical plot of H; the human operator 
is holding the extender tightly 

S„(s) =85.0x10" 

Se(s) = 151x10-

18.' 
; + l 

s2 s 
+ TT-rr+1.565 3158 18.28 

18.6 
+ 1 

f s 
+ 7TT^+ L565 3158 18.28 

rad/lbf (18) 

rad/lbf (19) 

Human Arm Dynamics. The human arm dynamics do not 
affect performance (defined by inequality (9)) but do play a 
major role in extender stability. Several experiments were con­
ducted to measure the human arm impedance represented by 
H. Then the largest of these impedances was chosen to be H0 

in the stability analysis. In the experiments, the subject grasped 
a handle on the extender. The extender was commanded to 
oscillate via sinusoidal functions. (See Reference [3] for more 
detailed information about the nature of such experiments.) 
At each oscillation frequency, the human operator tried to 
move his/her hand to follow the extender so that zero contact 
force would be maintained between the hand and the extender. 
The human arm, when trying to maintain zero contact forces, 
cannot keep up with the high-frequency motion of the extender. 
Thus, large contact forces and consequently a large H are 
expected at high frequencies. Since this force is equal to the 
product of the extender acceleration and human arm inertia 
(Newton's Second Law), at least a second-order transfer func­
tion is expected for H at high frequencies. At low frequencies 
(in particular at DC), the operator can follow the extender 
motion comfortably, and can establish almost constant contact 
forces between the hand and the extender. Thus, small contact 
forces at all extender positions and consequently a constant 
transfer function for H are expected at low frequencies. 

Figures 11 and 12 show the experimental values and the 
fitted transfer functions for two different experiments. In the 

first set of experiments (Fig. 11), the subject holds the extender 
handle loosely. In the second set of experiments (Fig. 12), the 
subject holds the extender very tightly, at low frequencies, the 
human arm impedance is smaller when the subject holds the 
handle loosely than when the subject holds the handle very 
tightly. Also note that both plots show a crossover at about 
20 rad/s; this is in the neighborhood of frequencies at which 
the central nervous system can no longer keep up with the 
extender motion. The largest impedance, that of Fig. 12, is 
chosen for use in the stability analysis. 

H*=12'l{<L + sk+1) M/ft (20) 

Performance. The experimental extender is capable of lift­
ing of objects up to 500 lb when the supply pressure is set at 
3000 psi. Since the high frequency maneuvers of a 500 lb load 
is rather unsafe, the experimental analysis on the extender 
dynamic behavior was carried out at low level of force am­
plification. In order to observe the system dynamics within the 
extender bandwidth, in particular the extender instability, the 
supply pressure was decreased to 800 psi and low force am­
plification ratios were chosen for analysis. This allows us to 
maneuver the extender within 2 Hz. Matrix R in Eq. (21) is 
chosen as the performance matrix in the Cartesian coordinate 
frame. 

i ? " ' = a = 
5 0 
0 7 

for all co€ [0,5 Hertz] (21) 

The above performance specification has force amplifications 
of seven times in the jy-direction and five times in the x-direc-
tion. Figure (13) depicts the history of the extender position 
along the x-direction as a function of time in an experiment 
where the human operator maneuvers the extender irregularly 
(i.e., randomly). Figure 14 shows the experimental values of 
the human force, //,, and the load force, fe, in the x-direction. 
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Fig. 13 Extender position, x, shown in Fig. 9 

5 6 7 

Time (Seconds) 

Fig. 17 Extender position, y, measured from horizontal 

5 6 7 
Time (seconds) 

Fig. 14 Experimental human and load forces along the x direction. 
Force amplification ratio is five. 

5 6 7 8 9 10 
Time (seconds) 

Fig. 18 Experimental human and load forces along the y direction. 
Force amplification ratio is seven. 
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Fig. 15 Theoretical and experimental force amplification ratio along 
the x direction 

.-a 

101 102 103 

frequency (rad/s) 

Fig. 19 Theoretical and experimental force amplification ratio along 
the y direction 

fh-fhdbf) 

Fig. 16 Load force versus human force along the x direction. Slope is 
approximately five. 

Figure 15 shows the FFT offe/(fh - fh*) along thex-direction 
where the load force fe is more than (//, - f*) by a factor 
of five. It can be seen that this ratio is preserved only within 
the extender bandwidth. Figure 16 shows fe versus (fh - fh") 

along the ^-direction where the slope of +5 represents the 
force amplification by a factor of five. Figures 17 through 20 
are similar to Figs. 13 through 16, except that they have a 
force amplification of seven in the ̂ -direction. Figure 18 shows 
two graphs versus time, (fh - fh*) and/e along the ̂ -direction 
where the load force, fe, is more than (fh - //,*) by a factor 
of seven. Figure 19 shows the FFT of/,,/(//, - fh*) along the 
.y-direction where the amplification of seven is preserved within 
the extender bandwidth. Figures 21 and 22 show the extender 
position, human force and extender force in the /-direction 
when a = - 19 which violates the stability criteria in inequality 
(15). 

7 Summary and Conclusion 
This article describes the dynamics of human machine in­

teraction in robotic systems worn by humans. These robots 
are referred to as extenders and amplify the strength of the 
human operator, while utilizing the intelligence of the operator 
to spontaneously generate the command signal to the system. 
Extenders augment human physical strength. System perform-
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fh-fhdbf) 
Fig. 20 Load force versus human force along the y direction. Slope is 
approximately seven. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Time (Seconds) 

Fig. 21 Extender position, y, measured from horizontal, unstable ma­
neuver 

0.3 0.4 0.5 
Time (seconds) 

Fig. 22 Experimental human and load forces. Force amplification ratio 
is nineteen. 

ance is defined as a linear relationship between the human 
force and the load force. A condition for stability of the total 
system (Extender, human and the load) is derived, and, through 
experimentation, the performance is demonstrated. A six-de-
gree-of-freedom extender has been built for experimental ver­
ification of the analysis. 
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