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Abstract addition to the traditional metrics of performance. The ques-
tion arises as to whether it is possible to successfully integrate

In recent years, many successful robotic manipulator designs have  the competing requirements of safety and performance in a

been introduced. However, there remains the challenge of design-  single system. To answer this question we must first under-

ing a manipulator that possesses the inherent safety characteristics ~ stand why some robotic systems are unsafe and, alternatively,

necessary for human-centered robotics. In this paper, we present a why some systems have low performance.

new actuation approach that has the requisite characteristics for in-

herent safety while maintaining the performance expected of modern 1.1, Why Are Some Manipulators Unsafe?

designs. By drastically reducing the effectiveimpedance of themanip-

ulator while maintaining high-frequency torque capability, we show

that the competing design requirements of performance and safety

can be successfully integrated into a single manipulation system.

Manipulator safety is dependent on a manipulator’s mechan-
ical, electrical, and software design characteristics. However,
the biggest danger present when working in close proxim-
ity with robotic manipulators is the potential for large impact
KEY WORDS—actuation, human-friendly, safety, robotics|oads resulting from the large effective inertia (or more gen-
control erally effective impedance) of many robotic manipulators.

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
In recent years, there has been great interest generated ingbeerity known as the head injury criteria (HIC). A simple
emerging field of human-centered robotics (Giralt and Corkevo-degrees-of-freedom (2-DOF) mass—spring model can be
2001). Human-centered robotics involves the close interactiased to predict head accelerations that would occur during an
between robotic manipulation systems and human beings, imcontrolled impact. In combination with the HIC index, the
cluding direct human—manipulator contact. In such applicgredicted accelerations are used to estimate the likelihood of
tions, traditional figures of merit, such as bandwidth, maxiserious injury occurring during an impact between a robotic
mum force and torque capability, and reachable workspaaaanipulator and a human. For the PUMA 560, an impact ve-
do not fully encompass the range of metrics which define thecity of one meter per second produces a maximum HIC
requirements of such systems. Specifically, human-centergaater than 500, more than enough to cause ihjsse Fig-
robotic systems must consider the requirements of safety uie 1).

1. Introduction

The International Journal of Robotics Research 1. The HIC index is correlated with the maximum abbreviated injury scale
Vol. 23, No. 4-5, April-May 2004, pp. 379-398, (MAIS) to provide a mapping from the calculated HIC values to the likelihood
DOI: 10.1177/0278364904042193 of an occurrence of a specific injury severity level. In Figure 1, HIC values and
©2004 Sage Publications the corresponding likelihood of a concussive injury (or greater) are shown.
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Fig. 1. Head injury criteria as a function of effective inertia and interface stiffness.

As seen in Figure 1, the addition of a compliant covering.2. Why Do Some Manipulators Have Low Performance?
can reduce impact loading by an order of magnitude or more.
However, the amount of compliant material required to reSome types of robotic manipulators, notably those utilizing
duce impact loads to a safe level can be substah@égarly, compliant actuation, such as pneumatic actuators, or those
adding large amounts of compliant covering is impractical angimploying compliant drive trains, such as cable driven manip-
does not address the root cause of high impact loads: namelptors, do not produce the large impact loads associated with
the large effective inertia of most modern robotic arms. Thigigh impedance designs. We can understand this by examin-
hazard can be somewhat mitigated with the use of softwaiigy a simple mass—spring model of an actuator link system
and sensor architectures which monitor and interrupt potentiglth drive-train compliance (see Figure 2(a)).
anomalies, and thus reduce the chance of uncontrolled impact At low frequencies, the effective impedance at the link
However, even the most robust system is subject to unpr€an be approximated as the sum of the link's and reflected
dictable behavior as a result of electrical, sensor, or softwagetuator’s impedance (see Figure 2(b)). However, at high fre-
faults. Thus, the mechanical characteristics of a robotic syguencies, which produce the bulk of impact load energy, the
tem are the limiting factor in improving overall safety (Zinneffective impedance is reduced to the link inertia only (see
et al. 2002). Figure 2(c)). For many manipulator systems, the actuator re-
Ifinherent safety is to be achieved, we must design maniplected inertia, with thev? amplification due to gear reduc-
lators that have naturally low impedance. Unfortunately, mosibn, is much larger than the link inertia. The attenuation of
modern robotic manipulators have high effective impedanafe actuator’s reflected inertia through the compliant drive
stemming from their requirements for high performance. Thgain can significantly reduce impact loads, improving safety
payload requirements and high-bandwidth control necessitafigaracteristics.
the use of high-inertia gear-head actuators and stiff, bulky While a compliant actuator or drive train can enhance
structure which drive up the weight and impedance of thesgfety characteristics, the performance of such systems is
systems to unsafe levels. limited. The flexible modes of the compliant system prevent
control bandwidths greater than about one-third of the funda-
2. For the PUMA robot, the thickness of a compliant cover required is morrg]ental respngnt frequ.ency' In a}ddltlon, attenuation o.f f.IEXIbIe
than five inches, assuming an impact velocity of one meter per second df?de oscillations excited by disturbances can be difficult to
an allowable maximum HIC index of 100. achieve. This results from the phase delay introduced above
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Fig. 2. (a) Robotic manipulator compliant drive-train mass—spring model. (b) Low-frequency effective inertia approximation.
(c) High-frequency effective inertia approximation. (d) Open-l@pp.../ T,..i..« Magnitude versus frequency.

the first mode frequency (see Figure 2(d)). With the resonamfator and environment, is virtually infinite, generating very
frequencies of many cable driven manipulators in the randegh impact loads during collisions. Typically these actua-
of 10 Hz or less, high-performance control of such systemsiers are employed at the joint or through a rigid linkage, fur-
difficult, if not impossible. ther increasing the effective inertia of the manipulator. Thus,
manipulators that employ hydraulic actuators have very poor
inherent safety characteristics.

Pneumatic actuators, on the other hand, can be made very
compliant. Due to the near zero inductance of the compress-

So why is it so difficult to simultaneously achieve safety antble gas, their output impedance is low over a wide fre-
performance characteristics in a single manipulator desigA@ency range, reducing uncontrolled impact loads to poten-
The limitations of current actuation technology and the martially safe levels. However, pneumatic actuators have very
ner in which these actuators are used in manipulator desige#-bandwidth capabilities. Even when pressure control is
are to blame. To understand why, we must examine the chénplemented (as opposed to conventional flow control), con-
acteristics of existing actuation technology. Currently, onlyrol bandwidths are limited to less than 20 Hz, which is insuf-
electromagnetic, hydraulic, and pneumatic actuators have fiigient for high-performance tasks (Hollerbach, Hunter, and
power and torque capabilities required for robotic manipuldallantyne 1991). Making matters worse, the slow bandwidth
tion tasks. Unfortunately, all of these actuation methods hag@pabilities render the large amount of stored potential energy
serious deficiencies, limiting their inherent safety and/or petd the compressible gas a serious hazard. Thus, while the natu-
formance characteristics. ral compliance of pneumatic actuation reduces its effective in-
Hydraulic actuators, which have the highest torque argftia, its low-bandwidth characteristics limit the performance
power density characteristics of any of the actuation metlharacteristics of manipulators which use them (for the same
ods, are capable of performing tasks which involve the apeasons described in Section 1.2).
plication of thousands of Newton-meters of torque and many Primarily as a result of the limitations of pneumatic and
kilowatts of power output. However, their very high outpuhydraulic actuators, many current human-centered research
stiffness characteristics, which make the hydraulic actuatefforts use manipulation devices that employ electromagnetic
essentially a pure position source, can render it very dangéctuation as their primary torque source. The primary limita-
ous. The output impedance, as compared to the driven maniign of electromagnetic motors is their relatively low torque

1.3. Actuator Characteristics: Obstacle Toward Achieving
Safety and Performance
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and power density. The use of electromagnetic motors witholattors, their fundamental open-loop characteristics make in-
a torque magnifying reducer is limited to direct drive systemierent safety difficult to achieve and thus do not satisfy the
that must employ large direct-current (DC) torque motorsuman-centered robotic requirements of both performance
which are heavy and inefficient. To increase the torque outpand safety.

tousefullevels, gearreducers are almost universally employed

when using electromagnetic actuators. Unfortunately, the in-2>. Series Elastic Actuation

crease in torque and power density that results must be traded ) _
against the large increase in reflected inertia which increadggcently, aclass of actuators, known as series elastic actuators

with the square of the gear reduction. Reduction ratios erkSEAS), has been developed to address the problems of high
ployed in most systems more than double the effective inerfi@Pedance actuators (Pratt and Williamson 1995; Robinson

of the manipulator, trading safety for improved performance?000). The SEA approach seeks to mitigate the limitations
of high impedance actuators, such as conventional gear-head

i electromagnetic or hydraulic actuators, by placing an elastic
2. New Actuation Approaches element between the output of the actuator and the robotic
) link. The elastic element limits the high-frequency impedance

New actuation approaches have been developed to OVErCOBehe actuator to the stiffness of the elastic coupling. To limit

the safety and performance limitations of existing SyStem’?ﬁeIow-frequencyimpedance, and thus transform the actuator

Chief among these are the joint torque control approach Mﬁio an approximate pure torque source, a linear feedback
cher and Khatib 1995) and series elastic actuation (Pratt a tem is implemented to regulate the output torque of the

Williamson 1995). However, for reasons discussed in t Ctuator—spring system (see Figure 4).

following sections, these approaches do not simultaneous Y The main advantage of the SEA topology is that it provides
achieve the characteristics necessary for both safety and Sy output impedance across the frequency spectrum. As
formance. To address these limitations and create a unifig own in Pratt and Williamson (1995) and Robinson (2060)

hlgh_—performanc;]e ar;d sadfe rObOt'ﬁ rggnlpbulatgr, a New agqs SEAtopology reduces the outputimpedance of the SEAIn
t“a“g’” approach, reterre to as the distribute macro-mi rloportion with the stiffness of the elastic coupling, as shown
(DM?) actuation approach, has been proposed (Zinn et

2002). 'the output impedance transfer function in eq. (1):

F(S) _ SZ(NI)I()[{)I‘)ZIIH()[()I‘
2.1. Joint Torque Controlled Actuation X()  (52(Nmoror)2Lnoror | Ks) + 1+ Nyporor D(s5)

1)

Jointtorque control was developed to eliminate the deleteriods$ frequencies below the closed-loop bandwidth of the SEA
effects of nonlinearities and friction inherent in the actuatoreontroller, the output impedance is reduced as a function of
transmission systems generally found in industrial robots. Inihe control gains. Impedance reduction ofx1@ 100x is
tial implementations were successful in substantially reducommon, and is only limited by the maximum obtainable
ing joint friction effects but wide joint actuation bandwidthbandwidth. At frequencies above the closed-loop bandwidth,
was difficult to achieve without actually reducing the fric-the output impedance reduces to the stiffness of the elastic
tion and nonlinearities in the actuator-transmission systecoupling. This is in contrast to other approaches, such as joint
(Holmberg, Dickert, and Khatib 1992; Vischer and Khatiltorque control discussed in Section 2.1, which have good low-
1995; Hirzinger et al. 2001). frequency impedance but suffer from large high-frequency
In response, joint torque control systems employ highmpedance.
performance actuator and transmission designs with inte- Itisinterestingto note the similarities betweenthe SEA and
grated torque sensors to achieve the performance levels g#nt torque control approaches. The topology of joint torque
sired. Perhaps the most successful of these has been the newtrol is identical to that of the SEA approach (shown in
DLR lightweight arm design; see Figure 3 (Hirzinger et alFigure 4). The difference between the two approaches lies in
2002). The implementation of joint torque control allows fottheir differing control approaches, which are driven by their
near-zero low-frequency impedance, which gives the DLRery different open-loop characteristics. As described earlier,
arm excellent force control characteristics. However, abowseries elastic actuation has a compliant coupling between the
the control bandwidth, joint torque control is ineffective atctuator and driven link, the stiffness value of which is cho-
reducing the impedance of the manipulator. The open-logen so that the open-loop mode of the system is well below
characteristics of the manipulator and reflected actuator ithe obtainable closed-loop bandwidth of the SEA control. As
ertia dominate. Thus, the magnitudes of impact loads, whichresult of the low stiffness compliance, the open-loop gain
are determined by the high-frequency impedance of the cais-very low, which allows for the use of a simple, high-gain
tacting surfaces, are not attenuated. PD controller. The resulting system is stable and possesses
While the joint torque control has been successful in imlow impedance over a wide frequency range. In contrast, with
proving the force and impedance control of robotic manipuhe joint torque control approach, the coupling between the
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Fig. 3. DLR lightweight robot: (a) DLR II; (b) DLR IlI.
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Fig. 4. Series elastic actuation topology.

actuation and driven link is much stiffer. Implementation ofjardless of the control loop controller bandwidth (Robinson
PD control is difficult and requires that the control gains b2000). This behavior is an open-loop characteristic of the SEA
kept low to maintain stability. As a result, alternative controtopology and represents a fundamental physical limitation of
schemes have been implemented, including Pl control (Vithe actuator. The choice of the elastic coupling stiffness (in
cher and Khatib 1995) and full-state feedback (Hirzinger et afelation to the manipulator and motor reflected inertia) deter-
2002). mines the open-loop mode frequency. A stiffer coupling im-
There are trade-offs with using the SEAs. Due to velocitproves the high-frequency torque performance but adversely
and torque saturation of the SEA, the maximum output torquefects the desirable closed-loop and open-loop impedance
above the open-loop mode of the systdalls off as I/w re- characteristics.
The use of a compliant coupling and the closed-loop con-

3. SEA open-loop mode: unforced coupled motion of actuator and maniptrol of the SEA output torque limits the bandwidth of any
lator link inertias through the compliant coupling.
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Fig. 5. Nested series elastic actuation and outer task control loops.

task which relies on a series elastic actuator as its only torqoeerall manipulator is substantially reduced by isolating the
source. This limitation derives from the use of the SEA closedeflected inertia of the actuator while greatly reducing the
loop system within a larger, task-specific control loop. Asverall weight of the manipulator. Performance is maintained
shown in Figure 5, the design and resulting stability of thevith small actuators collocated with the joints. Our approach
task-specific control loop is dependent on the interaction bpatrtitions the torque generation into low- and high-frequency
tween the inner SEA closed-loop system and the outer tastemponents and distributes these components to the arm lo-
specific control loop. If the outer loop bandwidth approachesation where they are most effective. The overall approach is
the bandwidth of the inner loop, instability is likely to occur.shown in Figure 6.
As a result, the task specific control loop cannot be closed at The first part of the DM actuation approach is to divide
a rate faster than the inner loop. the torque generation into separate low- and high-frequency
Tasks such as position control and end-effector impedanaetuators whose torque sum in parallel. The effectiveness of
control are limited to a bandwidth that is significantly belowthis approach can be seen clearly when we consider that most
the closed-loop bandwidth of the SEA. This is nota major comnanipulation tasks involve position or force control which are
sideration for manipulation systems which do not require fasiominated by low-frequency trajectory tracking or DC load
dynamics, such as walking robots, for which the series elasti@rques. High-frequency torques are almost exclusively used
actuators were originally developed. However, for tasks réer disturbance rejection. Even haptic device torque profiles,
quiring high-bandwidth control, such as high-speed trajectoryhich might require rapid changes approximating a square
tracking or high-frequency disturbance rejection, the limitawave input, have a torque magnitude versus frequency curve
tions of the series elastic actuators are prohibitive. Other afirat falls off with increasing frequency by a (see Figure 7).
proaches have been proposed, such as the use of a nonlifdds partition is even more compelling when we consider
elastic coupling whose compliance can be changed througbwer requirements versus frequency. Using the square wave
co-activated actuators (Bicchi, Rizzini, and Tonietti 2001)example above, power versus frequency falls off witk3
Unfortunately, the bandwidth limitations affecting the serie¥his power versus frequency profile is ideally fit using a large
elastic actuator, while mitigated somewhat by the variableutput, low-frequency actuator coupled with a high-frequency
compliance, are still a limiting factor in performance. small torque motor.
In order for the DM actuation approach to work properly,

both the high- and low-frequency actuators must have zero or
3. Distributed Macro-Mini Actuation Approach near-zero impedance. This is due to the fact that during power

transfer the actuator torques will add non-destructively only
Recently, a new actuation approach, referred to as thedam  if their respective impedance is zero. In particular, each actua-
tuation approach, has been developed to overcome the saf@fymust not have significant impedance within the frequency
limitations of joint torque control and the performance limfange of the opposing actuator. Only if this condition is true
itations of series elastic actuation (Zinn et al. 2002). As thwill the DM? concept work. For the high-frequency actua-
name implies, the DMactuation approach employs a pairtion, very low impedance is achieved by using a small low-
of actuators, connected in parallel and distributed to diffefnertia torque motor connected to the manipulator through
ent locations on the manipulator. The effective inertia of tha low-friction, low-reduction cable transmission. For the
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Fig. 7. Torque versus frequency: 1 Hz square wave.

low-frequency actuation, we achieve low impedance by usirtgct impedance is minimized while their contribution to con-
a series elastic actuator (see Section 2.2). Because tie Dbl bandwidth is maximized. This is achieved by locating
actuation approach does not require that the base actuatothoe low-frequency series elastic actuator remotely from the
capable of supplying high-frequency torques, the bandwidtttuated joint. This is particularly advantageous as the low-
limitations of SEAs do not pose a difficulty. frequency components of most manipulation tasks are con-
The second part of the DMactuation approach, which siderably larger in magnitude than the high-frequency com-
differs from previous attempts at coupled actuation (Morrefponents, and consequently require a relatively large actuator.
1996), is to distribute the low- and high-frequency actuatoisocating the large SEA at the base significantly reduces the
to locations on the manipulator, where their effect on corweight and inertia of the manipulator. The high-frequency ac-
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tuators are located at the manipulator joints and connectedurce. The characteristics of a perfect torque source, consist-
through a stiff, low-friction transmission, providing the high-ing of zero output impedance and infinite control bandwidth,
frequency torque components that the low-frequency base amuld enable a manipulator to possess the characteristics nec-
tuators cannot. The high-frequency torque actuator must bsesary for both inherent safety and high-performance tasks.
connected to the joint inertia through a connection which pré/hile a perfect torque source is impossible to achieve, a near-
duces a high primary mode vibration frequency. By locatingerfect torque source, with low output impedance relative to
the actuator at the joint and by using a low-inertia servomdhe driving load and high-bandwidth torque capability offers
tor, we can achieve this high-bandwidth connection with many of the same advantages.
minimum amount of weight and complexity. Figures 8 and 9 show a physical schematic diagram of the
The DM actuation approach is analogous to the desigrontrol structure and an equivalent block diagram representa-
of robotic manipulators for use in zero gravity. Under suckion, respectively. The transfer function of the control struc-
conditions, gravity induced torques do not exist. Joint actuédre shown in Figure 9 has unity gain and zero phase over
tors provide torques related only to the task, such as trajectal frequencieST,ciuw (8) / Tyesirea () = 1). A simplified repre-
tracking and disturbance rejection, both of which are primasentation, shown in Figure 10, demonstrates how the control
ily medium to high frequency in content. We achieve the zerapproach utilizes the low-frequency base actuator’s low pass
gravity analogy by compensating for gravity torques and lowfilter characteristics to partition the control torques into low-
frequency torques using the low-frequency actuators locatadd high-frequency components.
at the base of the manipulator. With the effects of gravity By using the actual measured torque output from the low-
and low-frequency torques compensated, joint torque requifeequency base actuators in combination with the desired
ments become similar to those encountered by a zero gravityque, we automatically compensate for the non-ideal behav-
robotic manipulator. However, unlike robotic manipulatorsor of the base actuators. Assuming that the smaller joint actu-
designed for space applications, the Djdint actuators do ators can produce this torque, the sum of the combined torques
not require a large gear reducer to achieve the required torgsea perfect realization of the desired torque. The frequency

and power densities. partitioning can be clearly seen if we rearrange the structure
in Figure 10(a) into a pure parallel structure, as shown in Fig-
3.1. DM? Actuation Control Approach ure 10(b). As seen in Figure 10(b), the base actuator’s transfer

function falls off above its closed-loop bandwidity,,., while
Perhaps the most challenging aspect of &livplementation  the equivalent joint actuator’s transfer function approximates
is the development of a control approach which leverages thedouble lead filter, which adds phase to the combined sys-
characteristics of the parallel actuator structure while dealingm above the open-loop mode frequenay, and attenuates
with the unique control challenges associated with the use #fe DC and low-frequency components commanded to the
low-impedance actuation. high-frequency actuator.

At the joint level, the DM actuation approach is essen- The combined actuator control structure creates a perfect
tially a dual-input single-output system. The redundant actterque source in the linear sense, where the torques sum to
ators provide an additional degree of freedom which can hgity magnitude and zero phase, as seen in Figures 11(a)
used in optimizing system performance while minimizing acand (b). Thus, by using the simple control structure de-
tuation effort. For example, in the case of trajectory trackingscribed above, we can create a unified actuator with the desir-
we can use LQR control techniques to obtain an optimuatble characteristics of low impedance (necessary for inherent
control law based on minimizing control effort and trackingsafety) and high-bandwidth torque control (necessary for high
error. The low- and high-frequency actuation effort partitionperformance).
ing can be accomplished in a similar manner. However, this
type of control structure is specific to a given task, in this case ) )
to trajectory tracking, and does not provide a black-box ir-1-2. Manipulation Control

terface to the actuation similar to the use of a single actuatgfhe DM control structure allows for straightforward imple-

In particular, for applications involving a number of differentmentation of the DM actuation approach in multi-DOF ma-
control modes, such as free-space motion with contact trafpy|ators system. Assuming that the assumptions of a near-
sitions, or for applications requiring a low-impedance torqugerfect torque source hold, the BMctuation approach is
source, such as haptics or tele-robotic master devices, we @@rticularly well suited to control methods, such as opera-
sire an actuation control scheme which allows the use of thgna| control (Khatib 1987), which assume that the control

parallel actuation system as a single torque source. torques are directly applied to the joint with little or no un-
modeled disturbances from sources such as actuator friction

3.1.1. Near-Perfect Torque Source or reflected inertia.

As such, our control approach seeks to exploit the?@btua- The perfect torque source structure breaks down when the

tion’s unique characteristics to construct a near-perfect torqassumptions of the model shown in Figures 8 and 9 are no
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Fig. 9. DM? actuation and control block diagram representation (single degree of freedom).

longer valid. The main challenge in implementing the contrahanded torques which force the high-frequency joint actuator
scheme isinidentifying and avoiding the situations where thte saturate will cause both magnitude errors and phase lag to
ideal model breaks down. occur, invalidating the perfect torque source characteristics of
the combined parallel actuation. This effect is illustrated in
Figures 12(a) and (b).

In Figures 12(a) and (b), the frequency response of the base
One significant deviation from the ideal model occurs wheperies elastic actuator, the joint actuator, and the combined
one of the DM parallel actuators saturates. BMctuator DPM? actuator is shown on a polar plot of magnitude versus
torque saturation represents the threshold above which ffigquency (Figure 12(a)) and as a bode plot (Figure 12(b)).
joint actuator can no longer compensate for the phase ahbe effect of saturation can be seen as both magnitude and
magnitude error of the low-frequency base actuator. CorRhase errorsinthe resulting parallel actuation response. Asthe

3.1.3. Effects of Actuator Saturation
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torque magnitude versus phase polar plot. (b) Bode plot of Béfuator torque with joint actuator saturation.

joint actuator approaches complete saturation, the combinisdunavoidable. The drive-train compliance in combination
parallel actuator’s response approaches that of the single basth the low reflected inertia of the joint actuator produces
series elastic actuator with its lower bandwidth constraintiow-frequency oscillations which can limit closed-loop per-
This is particularly problematic in that a task control loopformance. This effect can be understood by augmenting the
such as position tracking, which under normal conditions BM? model in Figure 8 to include joint actuator drive-train
stable, can become unstable as a result of a torque commandhpliance (see Figures 13 and 14).
which exceeds the capabilities of the smaller joint actuator. The transfer function of the system shown in Figure 13 no

As a result, the controller must prevent saturation of thenger represents a pure torque source. The addition of the
joint actuator from occurring. This can be accomplished bgscillatory pole, due to the drive-train compliance, is clearly
simply limiting the control input. This approach is taken whewisible on the bode plot on the system transfer function in Fig-
there is no outer task closed loop, such as with simple haptice 15. The presence of the flexible mode is of no surprise and,
rendering where the desired torque is a function of manigt first glance, does not seem to pose a significant problem.
ulator position alone and no effort is made to compensaiée relatively high frequency of the oscillatory mode would
the system output. In the case when there is a control lospggest that the proper choice of gains will provide adequate
wrapped around the DMactuation, the control gains mustperformance while avoiding excitation of the oscillatory pole.
be reduced or the control input limited to avoid saturation. However, as a result of the low reflected inertia of the DM
As such, the avoidance of saturation poses a limit on the wetuation approach, the ratio of joint actuator’s reflected in-
timate performance of a DMactuated manipulator. Fortu- ertia to driven link inertia is very small, typically 110 or
nately, as discussed in Section 3, the torque requirementle$s. This large mismatch between actuator and drive-train
the high-frequency joint actuator is substantially less than thieertia can cause serious low-frequency oscillations to occur
low-frequency base actuators. Thus, avoidance of joint actwhen position or velocity feedback is introduced, limiting the
ator saturation can be achieved with proper sizing of the joimbaximum task control loop bandwidth achievable. For suc-
actuator with respect to the given manipulator tasks. cessful implementation of the DMactuation approach, it is
importantto fully understand this phenomenon and to develop
techniques to address and compensate for its effects.

We can more clearly understand this phenomenon using

Another deviation from the ideal model, which can have & simplified model of the DMsystem, which includes the
significant effect on performance, is the existence of complflrive-train compliance but ignores the coupling with the low-
ance in the drive train between the manipulator link and tHéequency base actuator. Figure 16(a) and eq. (2) show the
joint actuator. While the joint actuator has a relatively stiftssumed model and its uncompensated open-loop transfer
single-stage transmission design, some level of complianténction.

3.1.4. Manipulator Control With Low I mpedance Actuation
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Fig. 13. Augmented DMactuation and control topology (single degree of freedom). Joint actuator drive-train compliance
included.
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Fig. 14. Augmented DR actuation and control block diagram representation (single degree of freedom). Joint actuator
drive-train compliance included.
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Fig. 16. Spring—mass model of joint actuator and driven link inertias: (a) collocated control; (b) non-collocated control.
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dynamics, and control augmentation such as filtering and
0.(s) 2l + K, proper actuator—sensor placement. . S

1= 4 ! ) 2) Modification of the manipulator dynamics primarily in-
Ti(s)  s2(s2Ld; + K (L + 1)) volves attempts to increase the stiffness of the coupling be-

In many servo-systems, including robotics, the actuatéWee” the motorinertiaandIinkinertia.AstiffercoupIing will
and link inertias are matched or nearly matched to achielfécrease both the frequency of the oscillatory poles and the
optimum power and acceleration transfer from motor to loadf2nsmission zeros, allowing for a higher crossover frequency.
In this situation, the poles and zeros of the transfer functioft @lternative approach is to intentionally increase the mo-

given by eq. (3), are approximately equal in frequency. tor's inertia, thereby reducing the frequency of the oscillatory_
poles to the frequency of the zeros. However, this approach is

K K. +1) only useful when the motor and link inertias differ by less than
Do = 1-’ and ®,,. = % (3) approximately a factor of 2. Otherwise, the required increase
a aty in motor inertia is excessively large and severely reduces the
However, in a system employing low impedance actuatiofi‘,cceleration capability of the system. Regardless, in the case
the zero frequency can be an order of magnitude below tR&lowimpedance actuation, alarge increase in actuator inertia
frequency of the flexible mode pole. This large separatioWOUld substantially increase the reflected inertia of the actua-
amplifies the flexible mode peak by a factor approximatel r, adverse!y affecting its safety characteri;tics, and thus can-
equalto the ratio of drive link to motor inertias (see Figure 17 ot be c.on3|dereq'for.human-frller!dly robotic systems. Thus,
This effect severely limits the achievable closed-loop bandrechanical modifications are limited to those that increase
width and thus performance in general. The effect can be quHée frequency_ of_the transmission zeros, SU(.:h as stﬂ_‘fenmg the
puzzling considering that the flexible mode frequency can ygotor tran_smlssmn or reQucmg th.e.drl\./en link inertia .
very high (an order of magnitude or more above the open-loo In addmon to mechanical modifications and control_s_lg—
crossover frequency) and still cause excessive oscillations"f)ﬁI filtering (Ellls.and Lorenz 2000), a sor_nevyhat surprising
the closed-loop response. Only when we consider the sefgethod to deal with the low-frequency oscillations associated
whose frequency is affected by the much larger drive linith low impedance actuation is to change the control topol-
inertia, does it become clear why the problem exists ogy from collocated to non-collocated control. We can under-
Another way to analyze the problem is to examine thﬁ,tand this by examining the open-loop tran_sfer function of a
symmetric root locus (see Figure 18) of the system showtimple mass—spring model of an actuator link system which

in Figure 16(a). When the ratio of joint motor rotor inertia toehmploys non-collocislted qontrol. Flgure 16(b)and eq. (_4) show
arm inertia,,/1,, is close to 1: 1, the oscillatory poles are the assumed model and its associated transfer function.

drawn toward the transmission zeros as the gain is increased, 6,(s) K; 4
rgduqng their residues, which reduces the mggnltude of os- 0(6) 2L+ K, (L + 1)) (4)
cillations and allows for larger closed-loop gains. However,
when the motor inertial;, is much less than the arm inertia,At first glance, this seems counter-intuitive since, in most
1,, the transmission zeros are located too far from the oscifases, the stabilizing effects of the zeros associated with col-
latory poles to have a stabilizing effect and instead attratacated control are beneficial and allow for more aggressive
the dominant second-order poles. This phenomenon can grins. However, in the case of large inertia mismatch, the
clearly seen if we look at the symmetric root locus for theollocated control zero is the main cause of the problem. A
transfer function in eq. (2). comparison of peaking amplitude (see Figure 19) shows that
As seen in Figure 18, when the motor inertig,is smaller for large mismatches the non-collocated control may be bet-
than the arm inertial,, the optimal control gains drive the ter than a collocated approach. Of course, this does not take
dominant poles toward the zeros, indicating that a largeto account the tendency of the oscillatory poles to become
amount of control effort would be required to modify the sysunstable, and special care must be taken to insure their stabil-
tem behavior away from the low-frequency zeros. As a resulty, such as the use of a notch filter or a gain stabilizing lag
achieving high-bandwidth closed-loop control can be difficunetwork (Cannon and Schmitz 1984). With this consideration,
and represents the biggest challenge when implementing thie can conservatively assume that when using non-collocated

DM? actuation approach. control we can achieve a crossover frequency as high as one-
fifth of the flexible mode frequency. With this assumption, we
3.1.5. Achieving High-Bandwidth Control can see from Figure 19 that when the joint motor inertia is

much less than the arm inertia (I, < 10) the use of non-
The challenge of implementing high-bandwidth control in @ollocated control allows for a higher closed-loop bandwidth
DM? actuated system has been addressed through the c@Ram collocated control. This, in fact, has been shown to be
bined implementation of prudent mechanical design teclhe case on a two-axis testbed, where the motor link inertia
niques, which favorably modify the manipulator's open-loopatios range from 150 to less than 1100.
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Fig. 18. Symmetric root locus of collocated position control system with shaft compliance.

reduced by almost a factor of 10. We can use the effective
inertia, graphically illustrated as a belted ellipsoid (Khatib
To demonstrate the effectiveness of the Dattuation ap- 1995), to calculate the impulse due to impact at any point
proach, we have designed and built a two-axis prototypen the manipulator. To demonstrate the effectiveness of the
robotic arm, which incorporates the important characteristidd3M? actuation approach in reducing impact loads, Figure 21
of the DM? actuation approach. The overall design approacthows the normalized impact impulse for two cases of end-
is shown in Figure 20. pointload (,..) for a 2-DOF planar manipulator. The impact
Preliminary experimental and simulation results havénpulse reduction increases rapidly with increasing load, as
demonstrated the effectiveness of the DMctuation the required increase in actuator torque capability affects the
approach. The reduction in impact loading by an order geflected inertia of the conventional and cable-driven manip-
magnitude, as compared to conventional joint actuated malators, while minimally affecting the reflected inertia of the
nipulators, substantially improves the inherent safety of thdistributed-parallel approach. While this is just an illustrative
manipulator. In the case of a two-axis prototype developegkample, we see that, in combination with a lightweight struc-
at Stanford (see Figure 20), the effective joint inertia wakire and compliant covering, this new actuation approach can

3.2. Promising Results: Safety and Performance
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Fig. 20. Two-axis DM prototype.

be used to design a manipulator that reduces impact loadsTrajectory tracking experiments carried out on the two-axis
substantially, thus ensuring inherent safety. planar manipulator testbed demonstrate the feasibility of the
In addition to safety, the DRactuation approach, with the DM? actuation approach. Initial experiments demonstrated a
introduction of the high-frequency joint actuator and impleposition control bandwidth of approximately 5 Hz as com-
mentation of the control approach described in Section 3.fared b a 2 Hzbandwidth using the base actuator alone (see
has been shown experimentally to improve manipulator pefigure 23), reducing the position tracking error by more than
formance. As shown in Figure 22, open-loop end-effecta factor of 10. The higher achievable closed-loop position
force control with the DM actuation approach improves thebandwidth allows the DMactuated arm to accurately follow
speed of response over that of the base series elastic actuat@jectories at rates that are not possible with the base actuator
alone. Both approaches have very low steady-state error calene. Using the D¥two-axis testbed, we performed end-
to their very low output impedance. effector position tracking control experiments along a 15 cm
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Fig. 21. 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 actuation concepts and values of end-point IBgg)( (c) Comparison of normalized impact impulse

load for various actuation concepts and values of end-point 1834 )¢ Impulse values are normalized by impact velocity

and maximum effective inertia.
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Fig. 22. Open-loop end-effector force (step) response.
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Fig. 24. End-effector position tracking control experimental results.

linear path at cycle rates 0f 0.25, 1.0, and 2.0 Hz. The resultsarfid design complexity. However, this design trade is not nec-
the experiments, which contrast the Bictuated and base essarily a zero-sum game. Recall that the primary reason for
(SEA) actuated performance, are shown in Figure 24. Thie introduction of our new actuation approach was (1) to re-
DM? actuated testbed showed good tracking control for afluce contactimpedance and (2) to maintain task performance
three cases, with only a small amount of amplitude and phalewels. If the task is performed by a manipulator’'s end-effector,
distortion occurring during the 2.0 Hz rate experiment. Thehen high-frequency torque and force capabilities need only
same experiment performed using the base actuators aldrgeprovided at the end-effector. As shown in Khatib (1995),
produced significant tracking error. During the 1.0 and 2.0 Hthe dynamics of a redundant manipulator is bounded by the
rate experiments, significant phase and amplitude distortigiynamics of the outermost degrees of freedom which span the

were observed. task space. In the case of a redundant manipulation system,
o o . such as a dual manipulator-mobile base’s system depicted
3.3. Distributed Macro-Mini | mplementation in Figure 25, the mobile base degrees of freedom need not

Finally, a few words should be said about the implementaticgmploy our new actuation approach to maintain task perfor-
of a DM? actuated robotic system. The DMctuation ap- mance levels which, due to the redundancy of the system, are
proach is essentially a trade-off between safety, performand®unded by the outer six degrees of freedom. Another possible
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approach is to design the wrist such that required task torquannon, R. H., and Schmitz, E. 1984. Initial experiments on
are small, as would be the case for a compact wrist design. the end-point control of a flexible one-link robbiter na-

In this case, the wrist actuation could be provided by smaller tional Journal of Robotics Research 3(3):62-75.
conventional EM actuators. The large DC and low-frequendyllis, G., and Lorenz, R. D. 2000. Resonant load control meth-
torques provided by the base actuators of the?ituation ods for industrial servo driveBroceedings of | EEE Indus-
approach would not be required. The higher impedance of the try Applications Society, Rome, Italy.

wrist actuators would not compromise safety because impdgtralt, G., and Corke, P., editors. 20(Rr.oceedings of the
loads would be limited by the inner three degrees of free- |ARP/IEEE-RAS Joint Workshop on Technical Challenge
dom. Thus, our new human friendly actuation approach can for Dependable Robots in Human Environments, Seoul,

be implemented in a manner which maximizes the safety and Korea.

performance characteristics, while minimizing the additionadHirzinger, G., Albu-Schéffer, A., Hahnle, M., Schaefer, I., and

complexity associated with its dual actuation approach. Sporer, N. 2001. A new generation of torque controlled
light-weight robotsProceedings of the I nter national Con-
4. Summary ference on Robotics and Automation.

zinger, G., Sporer, N., Albu-Schéffer, A., Hahnle, M., and
Pascucci, A. 2002. DLR’s torque-controlled light weight
robot: Ill. Are we reaching the technological limits now?

We have presented a new actuation concept for huma'F"—r
friendly robot design, referred to as BMctuation. The new

concept (DM) was demonstrated on a 2-DOF prototype robot i ; .
arm that we designed and built to validate our approach. The Proceedmgs_of the International Conference on Robotics
and Automation, pp. 1710-1716.

new actuation approach substantially reduces the impactloads
associated with uncontrolled manipulator collision by relj—ﬁjoufrb?r;’jj‘f HLerX;I’, I;[' ar+d IrB]alllant_yn?, J'Rl%@fommfr'
cating the major source of actuation effort from the joint to alive Analysis of Actugtor: 1echnologres for Robotics,

the base of the manipulator. High-frequency torque capabiliE( Irr(ta)ss, Csmt[))r_ldkgei MSA’ ppd 2K?19;§4é 1992 A "
is maintained with the use of small, low-inertia servomotor: oimberg, K., DICKert, ., an atib, ©. - A New actu-

collocated at the joints. The servomotors, integrated with a ation system for high-performance torque-controlled ma-

low-reduction, low-friction cable transmission, provide the mpulators.Proceedlngsof the_9th CISV-IFToMM g/mpo-

high-frequency torque required for high-performance tasks Sumon '_[heTheory and Practice of Robotsand Manipula-

while not significantly increasing the combined impedance &PTS’ Udine, Italy, Pp. 285-292. .

the manipulator—actuator system. The low output impedan atib, 0.1987.A qnlfled ap‘proach for ”?0“0” and force con-

and complete frequency coverage of the new actuation ap-t.rOI of robot manipulators: The operatlona! space formula-
- ; . tion. IEEE Journal of Robotics and Automation 3(1):43—

proach allow the combined manipulator system to approxi-

mate a pure torque source. This in turn allows for very goo 53?' . L . .

open-loop joint torque control over a wide frequency rang _hatlb, O. 1995. Inertial properties in robotic manipula-

Initial experimental and simulation results validate the DM gork;: ?n %bjea'livle‘: f;a.Tgwso Ersl(nternatlonal Journal of
actuation approach. obotics Research 14(1):19-36.
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