
R
ecently, there has been

increasing interest in the

emerging field of human-

centered robotics. This

field focuses on applica-

tions such as medical robotics and

service robotics, which require close

interaction between robotic manip-

ulation systems and human beings,

including direct human-manipulator

contact. As a result, human-cen-

tered robotic systems must consider

the requirements of safety in addi-

tion to the traditional metrics of

performance. To achieve safety we

must employ multiple strategies

involving all aspects of manipulator

design, including the mechanical,

electrical, and software architec-

tures. Immediate improvement can

often be realized with the use of

electronic hardware and software safety mechanisms that intel-

ligently monitor and control manipulator operations. Addi-

tional improvements can be realized in the mechanical design.

The elimination of pinch points and sharp edges can eliminate

the potential for laceration or abrasion injuries. However, the

most serious hazard present when working in close proximity

with robotic manipulators is the potential for large impact

loads, which can result in serious injury or death. To evaluate

the potential for serious injury due to impact we can make

use of an empirical formula developed by the automotive

industry to correlate head acceleration to injury severity

known as the head injury criteria

(HIC). A simple two-degree-of-

freedom mass-spring model can be

used to predict head accelerations

that would occur during an uncon-

trolled impact. In combination with

the HIC index, predicted accelera-

tions are used to estimate the likeli-

hood of serious injury occurring

during an impact between a robotic

manipulator and a human. For the

PUMA 560, an impact velocity of 1

m/s produces a maximum HIC

greater than 500, more than

enough to cause injury (see Figure

1). [The HIC index is correlated

with the maximum abbreviated

injury scale (MAIS) to provide a

mapping from the calculated HIC

values to the likelihood of an

occurrence of a specific injury sever-

ity level. In Figure 1, HIC values and the corresponding like-

lihood of a concussive injury (or greater) are shown.]

As seen in Figure 1, the addition of a compliant covering

can reduce impact loading by an order of magnitude or more.

However, the amount of compliant material required to

reduce impact loads to a safe level can be substantial. (For the

PUMA robot, the required thickness of a compliant cover is

more than 5 in, assuming an impact velocity of 1 m/s and an

allowable maximum HIC index of 100.) Clearly, adding large

amounts of compliant covering is impractical and does not

address the root cause of high-impact loads; namely, the large
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effective inertia of most modern robotic arms.

Thus, the mechanical characteristics of a robotic

system are the limiting factor in improving overall

safety. The solution to reducing the effective

impedance, and thus improving safety, is to build

a lightweight, low-inertia manipulator.

Some types of robotic manipulators—notably

those utilizing compliant actuation, such as

pneumatic actuators, or those employing com-

pliant drive trains, such as a cable-driven manip-

ulators—do not produce the large-impact loads

associated with high-impedance designs. While a

compliant actuator or drive train can enhance

safety characteristics, the performance of such

systems is limited. The flexible modes of the

compliant system prevents control bandwidths

greater than about one-third of the fundamental

resonant frequency. In addition, attenuation of

flexible mode oscillations excited by disturbances

can be difficult to achieve. This results from the

phase delay introduced above the first mode fre-

quency. With the resonant frequencies of many cable-driven

manipulators in the range of 10 Hz or less, high-perfor-

mance control of such systems is difficult, if not impossible.

New Actuation Approaches
New actuation approaches have been developed to over-

come the safety and performance limitations of existing sys-

tems. Chief among these are the joint torque control

approach [11] and series elastic actuation [9]. However, for

reasons discussed in the following sections, these approaches

do not simultaneously achieve the characteristics necessary

for both safety and performance. To address these limita-

tions and create a unified high-performance and safe robot-

ic manipulator, a new actuation approach—referred to as

the distributed macro-mini actuation approach (DM2)—has

been proposed [12].

Joint-Torque-Controlled Actuation
Joint torque control was developed to eliminate

the deleterious effects of nonlinearities and friction

inherent in the actuator-transmission systems gen-

erally found in industrial robots. Initial implemen-

tations were successful in substantially reducing

joint friction effects but wide joint actuation band-

width was difficult to achieve without actually

reducing the friction and nonlinearities in the

actuator-transmission system [2], [5], [11].

In response, joint torque control systems

employ high-performance actuator and transmis-

sion designs with integrated torque sensors to

achieve the performance levels desired. Perhaps

the most successful of these has been the new

DLR (German Aeropspace Center, Deutsches

Zentrum fur Luft-und Raumfhart) lightweight

arm design (see Figure 2) [3].
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Figure 1. HIC as a function of effective inertia and interface stiffness.
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Figure 3. SEA topology.
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The implementation of joint torque control allows for

near-zero low-frequency impedance, which gives the DLR

arm excellent force control characteristics. However, above

the control bandwidth, joint torque control is ineffective at

reducing the impedance of the manipulator. The open loop

characteristics of the manipulator and reflected actuator inertia

dominate. Thus, the magnitude of impact loads, which are

determined by the high-frequency impedance of the contact-

ing surfaces, are not attenuated.

While the joint torque control has been successful in

improving the force and impedance control of robotic

manipulators, their fundamental open-loop characteristics

make inherent safety difficult to achieve and thus do not sat-

isfy the human-centered robotic requirements of both per-

formance and safety.

Series Elastic Actuation
Recently, a class of actuators, known as series elastic actuators

(SEAs), has been developed to address the problems of high-

impedance actuators [9], [10]. The SEA approach seeks to

mitigate the limitations of high-impedance actuators, such as

conventional gear-head electromagnetic or hydraulic actua-

tors, by placing an elastic element between the output of the

actuator and the robotic link. The elastic element limits the

high-frequency impedance of the actuator to the stiffness of

the elastic coupling. To limit the low-frequency impedance a

linear feedback system is implemented to regulate the output

torque of the actuator-spring system (see Figure 3).

The main advantage of the SEA topology is that it pro-

vides low output impedance across the frequency spectrum.

As shown in [9] and [10], the SEA topology reduces the out-

put impedance of the SEA actuator in proportion with the

stiffness of the elastic coupling. At frequencies below the

closed loop bandwidth of the SEA controller, the output

impedance is reduced as a function of the control gains.

Impedance reduction of 10x–100x is common and is only

limited by the maximum obtainable bandwidth. At frequen-

cies above the closed-loop bandwidth, the output impedance

reduces to the stiffness of the elastic coupling. This is in con-

trast to other approaches, such as joint torque control dis-

cussed in the previous section, which has good low-frequency

impedance but suffers from large high-frequency impedance.

It is interesting to note the similarities between the SEA

and joint torque control approaches. The topology of joint

torque control is identical to that of the

SEA approach (shown in Figure 3). The

difference between the two approaches

lies in their differing control approaches,

which are driven by their very different

open-loop characteristics. As described

earlier, series elastic actuation has a com-

pliant coupling between the actuator

and driven link, the stiffness value of

which is chosen so that the open loop

mode of the system is well below the

obtainable closed-loop bandwidth of the

SEA control. As a result of the low stiff-

ness compliance, the open-loop gain is

very low, which allows for the use of a

simple, high-gain proportional-deriva-

tive (PD) controller. The resulting sys-

tem is stable and possess low impedance

over a wide frequency range. In contrast,

the coupling between the actuation and driven

link is much stiffer for the joint-torque-control

approach. Implementation of PD control, in this

case, is difficult and requires that the control gains

be kept low to maintain stability. As a result, alter-

native control schemes have been implemented,

including proportional-integral (PI) control [11]

and full-state feedback [3].

There are tradeoffs with using the SEA actua-

tors. Due to the velocity and torque saturation of

the SEA actuator, the maximum output torque

above the open loop mode of the system (SEA

open loop mode is the unforced coupled motion

of actuator and manipulator link inertias through

the compliant coupling) falls off as 1/ω regardless
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Figure 4. DM2 actuation approach.
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of the control loop controller bandwidth [10]. This behavior

is an open-loop characteristic of the SEA actuator topology

and represents a fundamental physical limitation of the actua-

tor. The choice of the elastic coupling stiffness (in relation to

the manipulator and motor-reflected inertia) determines the

open-loop-mode frequency. A stiffer coupling improves the

high-frequency torque performance but adversely affects the

desirable closed- and open-loop impedance characteristics.

Tasks such as position control and end-effector impedance

control are limited to a bandwidth that is significantly below

the closed-loop bandwidth of the SEA actuator. This is not a

major consideration for manipulation systems which do not

require fast dynamics, such as walking robots for which the

SEAs were originally developed. However, for tasks requiring

high bandwidth control such as high-speed trajectory tracking

or high-frequency disturbance rejection, the limitations of the

SEAs are prohibitive. Other approaches have been proposed,

such as the use of a nonlinear elastic coupling, whose compli-

ance can be changed through coactivat-

ed actuators [1]. Unfortunately, the

bandwidth limitations affecting the series

elastic actuator, while mitigated some-

what by the variable compliance, is still a

limiting factor in performance.

New Actuation Approach:
Distributed Macro-Mini
Actuation
To address the limitations of current

actuation technology, we have proposed

a new approach that seeks to relocate the

major source of actuation effort from the

joint to the base of the manipulator [12].

This can substantially reduce the effec-

tive inertia of the overall manipulator by

isolating the reflected inertia of the actu-

ator while greatly reducing the overall

weight of the manipulator. Performance

is maintained with small actuators collo-

cated with the joints. Our approach par-

titions the torque generation into low- and high-frequency

components and distributes these components to the arm

location, where they are most effective. The overall approach

is summarized in Figure 4.

The first element of the actuation approach is to divide

the torque generation into separate low- and high-frequen-

cy parallel actuators. The effectiveness of this approach can

be seen clearly when one considers that most manipulation

tasks involve position or force control, which are dominated

by low-frequency trajectory tracking or dc load torques.

High-frequency torques are almost exclusively used for dis-

turbance rejection. Even haptic device torque profiles,

which might require rapid changes approximating a square

wave input, have a torque magnitude versus frequency

curve that falls off with increasing frequency by 1/ω (see

Figure 5) . This torque versus frequency profile is ideally fit

using a large-output, low-frequency actuator coupled with

a high-frequency servomotor.

In order for the DM2 approach to work properly, both the

high- and low-frequency actuators must have zero or near-zero

impedance. This is due to the fact that during power transfer

the actuator torques will add nondestructively only if their

respective impedance is zero. In particular, each actuator must

not have significant impedance within the frequency range of

the opposing actuator. Only if this condition is true will the

DM2 concept work. For the high-frequency actuation, very

low impedance is achieved by using a small, low-inertia torque

motor connected to the manipulator through a low-friction,

low-reduction cable transmission. For the low-frequency actua-

tion, we achieve low impedance by using a series elastic actua-

tor (see the section “Series Elastic Actuation”). Because the

DM2 approach does not require that the base actuator be capa-

ble of supplying high-frequency torques, the bandwidth limita-

tions of SEA actuators do not pose a difficulty.
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Figure 6. DM2 actuation and control topology (single DOF).

Ia  : Arm Link Inertia Nb  : Base Actuator Gear Ratio

Ks  : Base Actuator (SEA) Compliance
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Ij   : Joint Actuator Rotor Inertia
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The second part of the DM2 actuation approach, which

differs from previous attempts at coupled actuation—the most

notable of which is the parallel coupled macro-mini actua-

tions approach [8]—is to distribute the low- and high-fre-

quency actuators to locations on the manipulator

where their effect on contact impedance is mini-

mized while their contribution to control band-

width is maximized. This is achieved by locating

the low-frequency series elastic actuator remotely

from the actuated joint. This is particularly advan-

tageous as the low-frequency components of most

manipulation tasks are considerably larger in mag-

nitude than the high-frequency components and,

consequently, require a relatively large actuator.

Locating the large SEA actuator at the base signif-

icantly reduces the weight and inertia of the

manipulator. The high-frequency actuators are

located at the manipulator joints and connected

through a stiff, low-friction transmission, provid-

ing the high-frequency torque components that

the low-frequency base actuators cannot. The

high-frequency torque actuator must be connect-

ed to the joint inertia through a connection that

produces a high primary mode vibration frequen-

cy. By locating the actuator at the joint and by

using a low-inertia servomotor, we can achieve

this high bandwidth connection with a minimum

amount of weight and complexity.

The DM2 approach is analogous to the design

of robotic manipulators for use in zero gravity.

Under such conditions, gravity induced torques do

not exist. Joint actuators provide torques related

only to the task, such as trajectory tracking and dis-

turbance rejection, both of which are primarily

medium to high frequency in content. We achieve the zero-

gravity analogy by compensating for gravity torques and low-

frequency torques using the low-frequency actuators located at

the base of the manipulator. With the effects of gravity and

Figure 8. (a) DM2 actuation control structure G(s)base–closed-loop: base actu-
ator closed-loop transfer function. G(s)joint: joint actuator transfer func-
tion). (b) Equivalent parallel structure.
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low-frequency torques compensated, joint torque requirements

become similar to those encountered by a zero-gravity robotic

manipulator. However, unlike robotic manipulators designed

for space applications, the DM2 joint actuators do not require a

large gear reducer to achieve the required torque and power

densities. Thus, the impedance of the DM2 approach is superi-

or to that of current space robotic manipulators.

Actuation Control Approach
Perhaps the most challenging aspect of a DM2 implementa-

tion is the development of a control approach that leverages

the characteristics of the parallel actuator structure while deal-

ing with the unique control challenges associated with the use

of low-impedance actuation.

At the joint level, the DM2 approach is essentially a dual-

input, single-output system. The redundant actuators provide

an additional degree of freedom that can be used in optimiz-

ing system performance while minimizing actuation effort.

For example, in the case of trajectory tracking, we can use

LQR control techniques to obtain an optimum control law

based on minimizing control effort and tracking error. The

low- and high-frequency actuation effort partitioning can be

accomplished in a similar manner. However, this type of con-

trol structure is specific to a given task—in this case, to trajec-

tory tracking—and does not provide a black-box interface to

the actuation similar to the use of a single actuator. In particu-

lar, for applications involving a number of different control

modes, such as free-space motion with contact transitions, or

for applications requiring a low-impedance torque source,

such as haptics or telerobotic master devices, we desire an

actuation control scheme that allows the use of the parallel

actuation system as a single torque source.

Near-Perfect Torque Source

As such, our control approach seeks to exploit the DM2 actu-

ation’s unique characteristics to construct a near-perfect

torque source. The characteristics of a perfect torque source,

consisting of zero output impedance and infinite control

bandwidth, would enable a manipulator to possess the charac-

teristics necessary for both inherent safety and high-perfor-

mance tasks. While a perfect torque source is impossible to

achieve, a near-perfect torque source, with low output

impedance relative to the driving load and high bandwidth

torque capability, offers many of the same advantages.

A physical schematic of the control structure along with

an equivalent block diagram representation are shown in

Figures 6 and 7, respectively. The transfer function of the

control structure shown in Figure 7 has unity gain and zero

phase over all frequencies (τactual(s)/τdesired(s) = 1).

A simplified representation, shown in Figure 8, demon-

strates how the control approach utilizes the low-frequency

base actuator’s low pass filter characteristics to partition the

control torques into low- and high-frequency components.

By using the actual measured torque output from the low-

frequency base actuators in combination with the desired

torque, we automatically compensate for the nonideal behavior

of the base actuators. Assuming that the smaller joint actuators

can produce this torque, the combined torques’ sum is a perfect

Figure 10. Two-axis DM2 prototype.
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realization of the desired torque. The frequency partitioning can

be clearly seen if we rearrange the structure in Figure 8(a) into a

pure parallel structure, as shown in Figure 8(b). As seen in Fig-

ure 8(b), the base actuator’s transfer function falls off above its

closed-loop bandwidth, ωbase, while the equivalent joint actua-

tor’s transfer function approximates a double lead filter, which

adds phase to the combined system above the open-loop mode

frequency, ωs, and attenuates the dc and low-frequency compo-

nents commanded to the high-frequency actuator.

The combined actuator control structure creates a perfect

torque source in the linear sense, where the torques sum to

unity magnitude and zero phase, as seen in Figure 9(a) and

(b). Thus, by using the simple control structure described

above, we can create a unified actuator with the desirable

characteristics of the low impedance necessary for inherent

safety and the high bandwidth torque control necessary for

high performance.

Manipulation Control

The DM2 control structure allows for straightforward imple-

mentation of the DM2 approach in multidegree-of-freedom

manipulator systems. Assuming that the assumptions of a near-

perfect torque source hold, the DM2 approach is particularly

well suited to control methods, such as operational space con-

trol [6], which assume that the control torques are directly

applied to the joint with little or no unmodeled disturbances

from sources such as actuator friction or reflected inertia.

The perfect torque source structure breaks down when the

assumptions of the model shown in Figures 6 and 7 are no

longer valid. The main challenge in implementing the control

scheme is in identifying and avoiding the situations where this

ideal model breaks down (see [13] for more details).

Promising Results: Safety and Performance
To demonstrate the effectiveness of the DM2 approach, we

have designed and built a two-axis prototype robotic arm that

incorporates the important characteristics of the DM2

approach. The overall design approach is shown in Figure 10.

Preliminary experimental and simulation results have

demonstrated the effectiveness of the DM2 approach. The

reduction in impact loading by an order of magnitude, as com-

pared to conventional joint actuated manipulators, substantially

improves the inherent safety of the manipulator. In the case of

a two-axis prototype developed at Stanford (see Figure 10), the

Figure 11. Comparison of impulse load due to impact for various actuation concepts. (a) Normalized impulse vector: impulse due
to collision of manipulator end effector with rigid object. Impulse magnitude changes with angle due to variation of end-effector
effective inertia as a function of impact direction. (b) Normalized impact impulse versus collision velocity direction for various actu-
ation concepts and values of end-point load (Pload). (c) Comparison of normalized impact impulse load for various actuation con-
cepts and values of end-point load (Pload). Impulse values are normalized by impact velocity and maximum effective inertia.
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effective joint inertia was reduced by almost a factor of ten. We

can use the effective inertia, graphically illustrated as a belted

ellipsoid [7], to calculate the impulse due to impact at any

point on the manipulator. To demonstrate the effectiveness of

the DM2 approach in reducing impact loads, Figure 11 shows

the normalized impact impulse for two cases of end-point load

(Pload) for a two-degree-of-freedom planar manipulator. The

impact impulse reduction increases rapidly with increasing

load, as the required increase in actuator torque capability

affects the reflected inertia of the conventional and cable-dri-

ven manipulators while minimally affecting the reflected iner-

tia of both the DM2 and SEA approaches. Because the DM2

joint actuators are lightweight and have very small reflected

inertia, their contribution to the effective inertia is minimal. As

a result, the improved performance that results from the addi-

tion of the small joint actuators does not compromise the safe-

ty levels of the DM2 as compared to the SEA actuated

manipulator. While this is just an illustrative example, we see

that in combination with a lightweight structure and compli-

ant covering, this new actuation approach can be used to

design a manipulator that reduces impact loads substantially,

thus ensuring inherent safety.

In addition to safety, the DM2 approach, with the introduc-

tion of the high-frequency joint actuator and implementation

of the control approach described in the section “DM2 Actua-

tion Control Approach,” has been shown experimentally to

improve manipulator performance. As shown in Figure 12,

open-loop end-effector force control with the DM2 approach

improves the speed of response over that of the base-series elas-

tic actuator alone. Both approaches have very low steady-state

error due to their very low output impedance.

Trajectory tracking experiments carried out on the two-

axis planar manipulator testbed demonstrate the feasibility

of the DM2 approach. Initial experiments demonstrated a

position control bandwidth of approximately 5 Hz as com-

pared to a 2-Hz bandwidth using the base actuator alone

(see Figure 13), reducing the position tracking error by

more than a factor of ten. The higher achievable closed-

loop position bandwidth allows the DM2 actuated arm to

accurately follow trajectories at rates that are not possible

with the base actuator alone.

Using the two-DM2 axis testbed, we performed end-

effector position tracking control experiments along a 15-

cm linear path at cycle rates of .25 Hz, 1.0 Hz, and 2.0 Hz.

The results of the experiments, which contrast the DM2

actuated and base (SEA) actuated performance, are shown in

Figure 14. The DM2 actuated testbed showed good tracking

control for all three cases, with only a small amount of

amplitude and phase distortion occurring during the 2.0-Hz

rate experiment. The same experiment performed using the

base actuators alone produced significant tracking error.

During the 1.0-Hz and 2.0-Hz rate experiments, significant

phase and amplitude distortion were observed.

Figure 12. Open-loop end-effector force (step) response.

M
e
a
s
u
re

d
 F

o
rc

e
 [
N

]

25

20

15

10

5

0

Input
Command

Base and Joint
Actuator (DM2)

Base SEA
Actuator Only

Time [s]

0.00 0.05 0.10 0.15 0.20

Figure 13. Comparison of position tracking performance using base actuation only with combined base and joint actuation (DM2).

A
c
tu

a
l 
A

n
g
le

 [
ra

d
]

0.10

0.10

0.05

0.05

0.00

0.00

–0.05

–0.05

–0.10

–0.10

Elbow: Desired Versus Acutal Angle Shoulder: Desired Versus Acutal Angle

Desired Angle [rad]

A
c
tu

a
l 
A

n
g
le

 [
ra

d
]

0.10

0.10

0.05

0.05

0.00

0.00

–0.05

–0.05

–0.10

–0.10

Desired Angle [rad]

BASE SEA
ACTUATOR ONLY

2 Hz Bandwidth
Tracking Error ~ .06 rad

BASE SEA
ACTUATOR ONLY

2 Hz Bandwidth
Tracking Error ~ .04 rad

BASE + JOINT
5 Hz Bandwidth

Tracking Error ~ .005 rad

BASE + JOINT
5 Hz Bandwidth

Tracking Error ~ .004 rad

(a) (b)



IEEE Robotics & Automation Magazine JUNE 200420

Distributed Macro-
Mini Implementation
Finally, a few words should be said about

the implementation of a DM2 actuated

robotic system. The DM2 approach is

essentially a tradeoff between safety, per-

formance, and design complexity. How-

ever, this design trade is not necessarily a

zero-sum game.

The primary reason for the introduc-

tion of our new actuation approach

were to reduce contact impedance and

maintain task performance levels. If the

task is performed by a manipulator’s end

effector, then high-frequency torque and

force capabilities need only be provided

at the end effector. As shown in [7], the

dynamics of a redundant manipulator is

bounded by the dynamics of the outer-

most degrees of freedom that span the task space. In the case

of a redundant manipulation system, such as a dual manipula-

tor–mobile base’s system depicted in Figure 15, the mobile

base degrees of freedom need not employ our new actuation

approach to maintain task performance levels which, due to

the redundancy of the system, are bounded by the outer six

degrees of freedom. Another possible approach is to design

the wrist such that required task torques are small, as would

be the case for a compact wrist design. In this case, the wrist

actuation could be provided by smaller conventional EM

actuators. The large dc and low-frequency torques provided

by the base actuators of the DM2 approach would not be

required. The higher impedance of the wrist actuators would

not compromise safety because impact loads would be limited

by the inner three degrees of freedom.

Summary
We have presented a new actuation concept for human-

friendly robot design, referred to as DM2. The new concept

of DM2 was demonstrated on a two-degree-of-freedom pro-

totype robot arm that we designed and built to validate our

approach. The new actuation approach substantially reduces

the impact loads associated with uncontrolled manipulator

collision by relocating the major source of actuation effort

from the joint to the base of the manipulator. High-frequency

torque capability is maintained with the use of small, low-

inertia servomotors collocated at the joints. The servomotors,

integrated with a low-reduction, low-friction cable transmis-

sion, provide the high-frequency torque required for high-

performance tasks while not significantly increasing the

combined impedance of the manipulator-actuator system.

The low output impedance and complete frequency coverage

of the new actuation approach allow the combined manipula-

tor system to approximate a pure torque source. This in turn

allows for very good open-loop joint torque control over a

wide frequency range. Initial experimental and simulation

results validate the DM2 approach.

Figure 14. End-effector position tracking control experimental results.

Figure 15. Implementation of DM2 actuation for multi-DOF
manipulator.
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