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ABSTRACT

Large workspace haptic devices have unique requirements, requir-
ing increased power capabilities along with increased safety con-
siderations. While there are numerous haptic devices available,
large workspace systems are hampered by the limitations of cur-
rent actuation technology. To address this, the Distributed Macro-
Mini (DM?) actuation method has been applied to the design of a
large workspace haptic device. In this paper, the DM? method and
present experimental results which demonstrate its effectiveness.
Finally, the control design is presented along with a discussion of
the unique challenges associated with its robustness.

1 INTRODUCTION

Large workspace haptic devices have a unique set of requirements.
These include similar requirements which bound traditional
desktop devices as well as additional power and force requirements
which can be very demanding. A number of researchers have de-
veloped device performance and requirement guidelines [5, 10, 12].
These, in combination with the additional power and safety re-
quirements for large workspace devices, can be summarized as
follows:

Large dynamic range force control: To accurately render
a virtual object, a haptic device must have the capability to
render forces over a large dynamic range, in both frequency and
magnitude. This requirement can be partitioned as follows:

Torque Vs. Frequency: As shown in [21], as well as else-
where, the required force output for many devices, including
haptic devices, is inversely proportional to frequency (1/®)
while power magnitude is inversely proportional to the square
of frequency (1/@w?). At low frequencies, large forces are re-
quired to react DC or slowing changing forces, such as would
be expected when pressing into a virtual object. At high fre-
quencies, brief instances of high frequency force content are
required to render stiff surfaces (e.g. during contact transi-
tions). While these forces are often short in duration and low
power, their presence is critical for the accurate rendering of
stiff objects.

High Bandwidth: While required torque and power magni-
tude falls off with increased frequency, small amplitude actu-
ator torques must be capable of supporting a high bandwidth
system. This is important to prevent excessive distortion of
the rendered forces. In the case of admittance devices with a
given closed-loop bandwidth, wc;, the actuator torque output
must not introduce phase distortion at frequencies below @¢y .
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Transparency: An important characteristic of a haptic device is the
ability to display zero force over a wide frequency range. Introduc-
tion of device friction, inertial, or control forces which deviate from
this ideal reduce the effectiveness of the device. This requirement
can be further broken down by frequency range:

High frequency - Low effective inertia: Regardless of the ar-
chitecture of the haptic device (i.e. admittance vs impedance),
at high frequencies the transparency is dominated by the ef-
fective inertia of the device. The effective inertia is, in turn,
affected by the mass properties of the mechanism, the re-
flected inertia of the actuation, and location within the device
workspace. In the case of admittance devices, the effective
inertia is dominant above the closed-loop bandwidth of the
admittance controller. For good transparency at high frequen-
cies, the physical device must possess low effective inertia.

Low frequency - Low output impedance: At lower frequen-
cies, the transparency of a device is affected by its frictional
characteristics and, to a lesser extent, by its mass properties.
For impedance devices, it is important to keep the effective
friction forces low. Friction sources include actuation gear-
train and joint friction. The low frequency output impedance
of admittance devices is determined by its controller design
and implementation in combination with the physical charac-
teristics mentioned above.

High power / large force: In addition to those requirements listed
above, a large workspace imposes the additional requirements of
high force and power. A major purpose of a large workspace device
is to allow full arm or body haptic interaction. This type of task
involves higher forces than devices which are designed for desktop
use. The larger force, in combination with the larger workspace,
implies larger work and power output. It is this requirement, in
combination with transparency and force control requirements,
which make the design of large workspace haptic devices so
challenging.

Safety: With the increased torque and power capabilities of
a large workspace haptic device comes a new requirement of
safety. Device safety is dependent on its mechanical, electrical,
and software design characteristics. However, the biggest danger
present when working in close proximity with a high power
device is the potential for large impact loads resulting from the
large effective inertia. To insure a minimal level of safety, a
large workspace haptic device should be designed to minimize its
effective inertia [20, 21].

Numerous kinesthetic haptic devices have been successfully
designed, including a number which have had commercial suc-
cess [2, 9, 6]. Most devices have been developed for desktop
use, with only a few applicable to large workspace applica-
tions [18, 1, 6, 19]. While there has been some limited success in
developing larger workspace devices, these systems, in general,
have been hampered by performance limitations (in the case of
impedance devices) or safety concerns (in the case of admittance



devices). It is our belief that the limitation of current actuation
methods is the primary obstacle in the development of high-
performance large workspace haptic devices. In the following
sections, we will present a new actuator concept which addresses
the requirements enumerated above, allowing for the design of a
haptic device with the ability to render stiff environments over
a large workspace. Experimental data shall be presented which
demonstrates the effectiveness of the new method.

2 DISTRIBUTED MACRO-MINI ACTUATION APPROACH

A new actuation approach, referred to as the distributed macro-
mini actuation approach (DM?), has been developed to overcome
the limitations that traditional actuation methods. The unique
characteristics of the DM? approach make it well suited for large
workspace haptic devices. The overall approach is shown in Fig. 1

The first part of the DM? actuation approach is to divide the
torque generation into separate low and high-frequency actuators
whose torque sum in parallel. The partitioning of torques is mo-
tivated by the torque vs frequency requirement described in Sec-
tion 1. A high-power, high-torque actuator is used to provide the
low frequency torques while a small, fast actuator is used to pro-
vide the high frequency torques.

The second part of the DM? actuation approach is to distribute
the low and high-frequency actuators to locations on the device
where their effect on device transparency is minimized while their
contribution to force dynamic range is maximized. This is achieved
by locating the low-frequency actuator remotely from the actu-
ated joint. This is particularly advantageous as the low frequency
components of most haptic device force profiles are considerably
larger in magnitude than the high frequency components, and con-
sequently require a relatively large actuator. To maintain high-
bandwidth, the high-frequency actuator is collocated with the joint
to allow undistorted transmission of high frequency torque con-
tent. While a number of researchers have explored parallel actu-
ation approaches [11, 13, 21] the concept of actuator distribution
and its application to the development of haptic devices has not
been explored. Finally, to provide decoupling between the low and
high-frequency actuators and to improve the low frequency output
impedance, a Series Elastic Actuator [15] is utilized for the base
actuator. The SEA actuator incorporates an elastic coupling at its
output which, in combination with local torque feedback, decou-
ples the low and high-frequency actuators and dramatically reduces
the output impedance of the low-frequency actuator over a broad
frequency range [16].

2.1 DM? Specifications

The effectiveness of the DM? approach can be evaluated against
the actuator requirements summarized in Section 1. The following
sections will address each of these requirements in turn.

2.1.1 Torque Vs. Frequency

High performance tasks require actuation torque over a broad range
of frequencies. As shown in Section 1, actuator torque require-
ments as a function of frequency are 2proportional to 1/® where @
is the operating frequency. The DM~ actuation approach satisfies
this requirement by combining a large low-frequency actuator with
a small high-frequency actuator in parallel.

The low-frequency actuation is designed to have high torque and
power output. Its location off of the manipulator allows for heavier,
higher power actuator. Drive-train compliance between the low-
frequency actuator and driven joint is not of concern as it is required
to transmit low frequency torques only. High frequency torques are
provided by small servo motors collocated at the joint. Because the
high-frequency actuator produces torque intermittently, consisting
of only high frequency components, it can be used much closer to
their peak current limits. A simple thermal model of the motor

windings, with sufficient safety margin, is employed in software to
prevent overheating of the high-frequency actuators.

The combination of the low and high-frequency actuators pro-
vides an output torque profile as a function of frequency that more
closely matches the 1/ requirement discussed above. As seen in
Figure 2, the two-axis prototype described in Section 4 benefited
substantially from the combination of low and high-frequency ac-
tuators, producing a torque vs frequency profile which more closely
matches the requirements of Section 1. While the low-frequency
SEA actuator output torque falls off rapidly above it closed-loop
bandwidth (2.0 Hertz), the addition of the high-frequency motor
torque extends the torque envelope to higher frequencies.
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Figure 2: Maximum actuation torque output versus frequency.

2.1.2 High Bandwidth

The primary obstacle to achieving high-bandwidth control is the in-
troduction of dynamics between the actuation and driven-link. Ex-
amples of these unwanted dynamics include higher frequency actu-
ator dynamics, such as the electrical winding dynamics, drive-train
backlash, friction, and, most troublesome, drive-train compliance.
The key to achieving high bandwidth is the elimination of these
characteristics.

The DM?’s distributed actuator approach, as well as the proper
selection of actuator and gearing, eliminates the unwanted dynam-
ics described above. The use of low inductance servo motors guar-
antees that the electrical time constant is sufficiently high so as to
avoid interaction with the control loop. To avoid friction and back-
lash, the current embodiment of the DM?2 approach employs a cable
gear-reducer design possessing very low friction levels and essen-
tially zero backlash.

While these characteristics are important, the most essential el-
ement of the DM? approach is the collocation of the mini actuator
with the manipulator joint. The closed-loop position-bandwidth is
limited by the presence of compliance between the actuator and
driven-link. More specifically, the maximum cross-over frequency,
., and, by inference the maximum bandwidth, is limited to ap-
proximately 1/57 of the first mode frequency, @ ;. By collocating
the high-frequency actuator with the manipulator joint, the drive-
train compliance can be minimized. Currently, DM? implementa-
tions have employed a single-stage cable gear reduction with spe-
cific stiffening design elements such as dual-cable drive, minimized
free cable lengths, and rigid drive component supports. A cable
gear reduction was chosen to minimize friction and maintain low
output impedance. While these features are implementation spe-
cific, the objective is to create a high stiffness connection between
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Figure 1: Distributed macro-mini actuation approach (DM?) (a)Partition of torque into low and high frequency (parallel) components (b) Distributed
actuation: Large, low-frequency actuators are located at base. Small, high-frequency actuators are located at the joints.

the high-frequency actuator and driven-link and, thereby, achieve
the characteristics required for high bandwidth control.

2.1.3 Low Effective Inertia

For a given device, the effective inertia is a function of both the
device’s inertia as well as the reflected actuator inertia. The DM?’s
approach of placing the low-frequency actuator at the base has the
beneficial effect of reducing both of these.

The reduction in the actuator reflected inertia is due to the de-
coupling of the actuator inertia from the device. This decoupling
is due, primarily, to the elastic coupling placed between the large
low-frequency actuator and the driven joint. When the compliance
between the actuator and the link is low, the system acts as a low
pass filter which isolates the actuator’s reflected inertia from the de-
vice, reducing the effective inertia perceived by the user and insur-
ing good device transparency (at frequencies above the first mode).

2.1.4 Low Output Impedance

The DM? approach uses the series elastic actuator method
(SEA) [15] with the large, low-frequency actuator. Through
a combination of mechanical compliance and closed-loop con-
trol, the SEA actuator can provide significant reduction in output
impedance. At frequencies below the closed-loop bandwidth of the
SEA controller, s, the reflected inertia is reduced by the square of
the ratio of the natural frequency of the uncontrolled system, @, to
:

o,
= Sl (1

where I 7 is the effective inertia of the actuator and gear train. This
reduction can be quite large. In the case of the two axis prototype

described in Section 4, the actuator and gear train reflected inertia
was reduced by a factor of greater than ten.

Another contributor to output impedance is the inertia, /;, and
friction, 77, of the high-frequency actuator. As measured at the
joint, the output impedance is given as

7j(s)
Ba(s)

where Nj is the high-frequency motor gear reduction. Both the in-
ertia and friction component of the output impedance must be min-
imized. By design, the high-frequency actuator is selected to have
low inertia, high peak torque and low inductance. The selection of a
fast ironless core servo motor keeps the overall output impedance of
the high-frequency actuator small. Because the motors can produce
high peak torque in relation to their size, a high reduction trans-
mission in not required, preventing the reflected output impedance
from being excessively amplified through the gear reduction. The
gear reduction friction is minimized through selection of designs,
such as the use of a single stage cable transmission, which have
very low friction characteristics while maintaining high stiffness
between the actuator and the manipulator. In the case of the two-
axis prototype described in Section 4, the reflected high-frequency
actuator inertia, as measured at the joint, was less than 1 /20”' of
the link inertia.

Finally, the device structure can be a contributor to the output
impedance, particularly for large workspace devices. While locat-
ing the large low—frequency actuators at the base of the manipulator
structure was motivated primarily by the desire to reduce the effec-
tive inertia at the input, a consequence of this choice was a signifi-
cant decrease in device output impedance at low frequency, as com-
pared to a design whose primary power actuators are located on the
structure itself. In the case of the two-axis prototype described in
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section 4, the effective inertia for the proximal joint would increase
by a factor of three if the low-frequency actuators were collocated
with the manipulator joints.

2.1.5 High Power - Large Forces

The distributed characteristic of the DM? approach is ideal for the
application of large force and high power. At low frequencies, the
size of the actuation input is virtually unconstrained because it does
not significantly contribute to the device’s effective inertia. At high
frequencies, the power requirements are modest and can be easily
handled by the high-frequency actuator collocated with the joint.

2.2 Safety:

As shown in [20], the potential for injury is governed by a device’s
effective inertia. The DM? approach, with its use of a SEA actuator
along with the distribution of the parallel actuation, has been shown
to dramatically reduce the effective inertia for a given device. The
potential for injury, as measured by a new metric know as the Ma-
nipulator Safety Index (MSI), is reduced by more than an order of
magnitude when compared to conventional actuation [20].

3 DM? CONTROL APPROACH

The control approach seeks to leverage the characteristics of the
parallel actuator structure while dealing with the control challenges
associated with the use of low impedance actuation. At the joint
level, the DM? approach is essentially a dual-input single-output
system. The redundant actuators provide an additional degree of
freedom which can be used in optimizing 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 parti-
tioning can be accomplished in a similar manner. Recently, dual-
actuator control approaches have been developed for applications in
the disk-drive industry [17]. However, these types of control struc-
ture are specific to a given task, in this case to trajectory tracking,
and do not provide a black-box interface to the actuation similar to
the use of a single actuator. In particular, for applications involv-
ing a number of different control modes, such as free-space motion
followed by contact transitions, or for applications requiring a low-
impedance torque source, such as haptics or tele-robotic master de-
vices, we desire an actuation control scheme which allows the use
of the parallel actuation system as a single torque source.

The overall control approach seeks to exploit the DM? actu-
ation’s unique characteristic to construct a near perfect torque
source. The characteristics of a perfect torque source, consisting
of zero output impedance and infinite control bandwidth, are ideal
for a haptic device. 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 much of the same advantages.

3.1 Single Joint Control Structure

For most haptic devices, the distributed structure of the DM? ap-
proach will result in a design whereby the low and high-frequency
actuators do not map one-to-one to specific joint torques. Each joint
torque will not be the sum of a single low and high-frequency actua-
tor torque but rather, depending of the coupling of the transmission
to joint motion, will be a linear combination of a subset of actua-
tor torques. While this coupling exists, it is instructive to examine
the structure and properties of the DM? control from the view point
of a simple one-degree-of-freedom mechanism. The simple control
structure of the DM? approach can be easily extended to a multi-
dimensional framework[20]

3.1.1  Combined Low and High-Frequency Actuator Control
Structure

The DM? distributed design allows for the implementation of a
straight-forward parallel actuator control structure. As seen in Fig-
ure 3, the desired DM? torque is commanded to the low-frequency
SEA actuator. The low-frequency actuator error term is used as the
command input to the high-frequency actuator. This simple topol-
ogy is possible due to the low friction transmission between the
low-frequency actuator and link. An alternative strategy of placing
the low-frequency actuator compliance at the joint would provide
the same functionality and would be immune to transmission fric-
tion torques. However, this implementation would severely limit
the bandwidth of the low-frequency SEA actuator, requiring addi-
tional high-frequency actuator control authority and would limit the
combined overall bandwidth.

A physical schematic of the control structure for a one-degree-
of-freedom joint along with an equivalent block diagram represen-
tation are shown in Figures 3(a) and (b), respectively. The transfer
function of the control structure shown in Figure 3(b) has unit gain

and zero phase over all frequencies (% =1). A simplified
representation, shown in Figure 4, demonstrates how the control
approach utilizes the low-frequency base actuator’s low pass filter
characteristics to partition the control torques into low and high fre-

quency components.
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Figure 3: (a) DM? Actuation and control topology (single degree-of-
freedom). (b) DM? Actuation and control block diagram represen-
tation (single degree-of-freedom). |,: device link inertia, Iy: low-
frequency actuator rotor inertia, I;: high-frequency actuator rotor in-
ertia, Ny,: low-frequency actuator gear-ratio, N;: high-frequency ac-
tuator gear-ratio, Ks: low-frequency actuator (SEA) compliance

By using the actual measured torque output from the low-



frequency actuators in combination with the desired torque, we
automatically compensate for the non-ideal behavior of the low-
frequency actuators. Assuming that the smaller high-frequency
actuators can produce this torque, the combined torques sum is a
perfect realization of the desired torque. The frequency partition-
ing can be clearly seen if we rearrange the structure in Figure 4a
into a pure parallel structure, as shown in Figure 4b. As seen in
Figure 4b, the low-frequency actuator’s transfer function falls off
above its closed-loop bandwidth, wy r iosed—i00p» While the equiv-
alent high-frequency actuator’s transfer function approximates a
double lead filter, which adds phase to the combined system above
the open-loop mode frequency, wrr, and attenuates the DC and low
frequency components commanded to the high-frequency actuator.
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Figure 4: (a) DM? actuation control structure and (b) frequency re-
sponse. G(s)Lr: low-frequency actuator closed loop transfer func-
tion, G(s)gr: High-frequency actuator transfer function, wpr: open-
loop natural frequency of low-frequency actuator, @pr_coesed—loop:
closed-loop bandwidth of low-frequency SEA controller

The combined actuator control structure creates a perfect torque
source in the linear sense, where the torques sum to unit magnitude
and zero phase, as seen in Figure 5a and 5b. Thus, by using the
simple control structure describe above, we can create a unified ac-
tuator with the desirable characteristics of low impedance and high
bandwidth torque controls.

3.2 Control Challenges

Perhaps the most challenging aspect of a DM? implementation
is the development of a control approach which is robust to un-
modeled system dynamics. While there are a number of spe-
cific challenges which must be addressed when using a DM?
approach [20], the main challenge in implementing the control
scheme comes primarily from high-frequency actuator drive-train
compliance.

3.2.1 Haptic Rendering With Low Impedance Actuation

While the high-frequency actuator usually has a relatively stiff
single-stage transmission design, some level of compliance is un-
avoidable. The drive train compliance in combination with the low
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Figure 5: (a) Perfect torque source: Low-frequency, high-frequency,
and combined DM? actuator torque magnitude vs phase polar plot
(b) Near perfect torque source: Low-frequency, high-frequency, and
combined DM? actuator torque magnitude vs frequency. G(S)Lr:
low-frequency actuator closed loop transfer function, G(s)ur: High-
frequency actuator transfer function, G(S)pazactuation: COMbined DM?
actuator transfer function, wpr: open-loop natural frequency of low-
frequency actuator, ®pr—_closed—loop: Closed-loop bandwidth of low-
frequency SEA controller

reflected inertia of the high-frequency actuator produces low fre-
quency oscillations which can limit closed-loop performance.

We can more clearlg understand this phenomenon using a simpli-
fied model of the DM~ system that includes the drive train compli-
ance but ignores the coupling with the low frequency base actuator.
Figure 6a and Equation (3) show the assumed model and its uncom-
pensated open-loop transfer function. This assumes collocation of
the high-frequency motor and joint axis. Figure 6b and Equation (4)
given the non-collocated case, which will be discussed in the next
section.

non-collocated
feedback

collocated
feedback

(@)

WHERE:

| : amiinkinertia T : joint actuator torque
a U
| joint actuator rotor inertia 9 . joint actuator position
U U
K : joint actuator drive-train compliance 9 . arm link position
i a

Figure 6: Spring-mass model of joint actuator and driven link inertias
(a) Collocated control (b) Non-collocated control.

In many servo-systems, including those in haptics, the actuator
and link inertias are matched or nearly matched to achieve optimum
power and acceleration transfer from motor to load. In this situa-
tion, the poles and zeros of the transfer function, given by (5), are
approximately equal in frequency.

GJ(S) _ s21(l+Kj (3)
TJ‘(S) s2(s21a1j+Kj([a+1j))
Ti(s)  s2(s2had;+Kj(Ia+1;))
Kj Ki(Ij+1
Wzero = =L and Opole = M 5)

I lul;



However, in a system employing low impedance actuation, the
zero’s frequency can be an order of magnitude below the frequency
of the flexible mode pole. This large separation amplifies the flexi-
ble mode peak by a factor approximately equal to the ratio of drive-
link to motor inertias (see Figure 7).

|+
IJ [

Ghole  |Amplication 2= 2

Inertia Ratio T
f'a \ s '/1:5 02 01 005 : C
2 )
10 1 il n n
szlj

g #

. =
! = where lgg; =l + 1 S
(‘&erol eff S

Figure 7: Open-loop transfer function of collocated motor position
control: Amplification of oscillatory pole due to mismatched actuator-
link inertia.
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This effect severely limits the achievable closed-loop bandwidth
and thus performance in general. The effect can be quite puzzling
considering that the flexible mode frequency can be very high -
an order of magnitude or more above the open-loop crossover fre-
quency - and still cause excessive oscillations in the closed-loop
response. Only when one considers the zero, whose frequency is
affected by the larger driven-link inertia, does it become clear why
the problem exists.

3.2.2 Achieving High Bandwidth Control

The challenge of implementing high bandwidth control in a DM?
actuated system can be addressed through the combined implemen-
tation of prudent mechanical design techniques, which favorably
modify the manipulator’s open-loop dynamics, and control aug-
mentation such as filtering and proper actuator-sensor placement.

In addition to mechanical modifications and control signal
filtering[7], a somewhat surprising method to deal with the low fre-
quency oscillations associated with low impedance actuation is to
change the control topology from collocated to non-collocated con-
trol. We can understand this by examining the open-loop transfer
function of a simple mass-spring model of an actuator-link system
which employs non-collocated control. Figure 6b and Equation (4)
show the assumed model and its associated transfer function. At
first glance, this seems counter intuitive since in most cases the sta-
bilizing effect of the zeros associated with collocated control is ben-
eficial and allow for more aggressive gains. However, in the case of
large inertia mismatch, the collocated control zero is the main cause
of the problem. A comparison of peaking amplitude (see Figure 8)
shows that for large mismatches the non-collocated control may be
better than a collocated approach. Of course, this doesn’t take into
account the tendency of the oscillatory poles to become unstable,
and special care must be taken to insure their stability, such as us-
ing of a notch filter or a gain stabilizing lag network[4, 3, 8]. With
this consideration, we can conservatively assume that when using
non-collocated control we can achieve a cross-over frequency as
high as 1/5 of the flexible mode frequency. With this assumption,
we can see from Figure 8 that when the high-frequency motor in-
ertia is much less than the device inertia (I;/I, < 10) the use of
non-collocated control allows for a higher closed-loop bandwidth
than collocated control. The existing implementations of the DM?
method, described in Section 4 have been implemented using the
non-collocated approach.

4 EXPERIMENTAL RESULTS

To evaluate the DM? actuation approach, a series of prototypes
were built and evaluated, including a two degree-of-freedom (DOF)
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planar device and a three DOF spatial device (see Figures 9 and 10,
respectively). The three DOF device incorporated many of the
lessons learned with the evaluation of the two DOF device. As
a result, the test results for the three DOF will show a marked
improvement in performance. Both devices have relatively large
workspaces (approximately 0.6 cubic meters).

HF motor

HF output —__ cable transmission,
encoder 2 K

output drum

HF
i actuator
- encoder

LF-actuator.
drive spool

aluminum
tube extrusions

end-effector
(with optional
force sensor)

LF: low-frequency
HF: high-frequency

HF motor cable
transmission,
drive pinion

HF , 23 :
actuat% h

(LF ACTUATORS NOT SHOWN)

LF-actuator
drive spool

Figure 9: DM? two DOF prototype overview.

Numerous haptic-device performance metrics have been pro-
posed [5, 12]. However, due to the inherent dynamic coupling
between the device and user, it is difficult to obtain objective per-
formance measurements [14]. Nevertheless, a simple set of haptic
performance experiments were performed to evaluate the DM? ap-
proach and compare it to commercially available haptic devices.

End-effector haptic forces were experimentally measured using a
six-axis force-torque sensor while end-effector position was deter-
mined using the forward kinematics of the manipulator with mea-
sured joint rotations. Desired haptic forces, Fq, are realized through
direct joint torque commands, 7q. The required joint torques are
calculated using the Jacobian associated with the end-effector lin-
ear velocity, Jy.

7q =JTFq (©)
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Figure 10: DM? three DOF prototype overview.

The required actuator torques are a function of the joint torques
and drive-train kinematics. The calculation of the required actuator
torque and subsequent control was implemented using a straight-
forward control structure [ref ZINN].

The first set of haptics performance experiments measured the
maximum obtainable virtual wall stiffness. In each experiment, the
virtual wall stiffness was increased until the device was no longer
stable. As discussed earlier, the dynamic coupling between the de-
vice and the user makes it difficult to precisely define stability. For
the purposes of this experiment, stability is defined as the point
where the device requires noticeable effort on the part of the op-
erator to prevent unwanted end-effector oscillations. Test results
using both the two and three degree-of-freedom devices is shown
in Figure 11. The plots in Figure 11 show measured end-eftector
force as a function of end-effector displacement perpendicular to
the haptic virtual wall. The results plot the forces and displacement
over approximately ten user interactions with the virtual wall.
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Figure 11: Maximum achievable virtual wall stiffness - measured
end-effector force and displacement.

As seen in Figure 11, the maximum obtainable stiffness for
the DM? two degree-of-freedom prototype was approximately 12
kN/m while the stiffness of the three degree-of-freedom device was
in excess of 55 kN/m. In comparison to commercially available
impedance-type haptic devices, the DM? actuated prototype has
equal or greater stiffness (see Figure 12). In addition, the workspace
volume of the two and three degree-of-freedom DM? prototypes
are more than five times larger than the other devices listed in Fig-
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[a] workspace volume based on two-dof testbed workspace with a hypothetical vertical third axis added

Figure 12: Haptic Device Comparison.

ure 12!, Finally, the measured maximum continuous force of the
two DOF DM? device is 50 percent larger than the commercial
devices listed while the three DOF DM? device is more than 300
percent larger.

These results are summarized in Figures 13 and 14. As seen
in Figures 13 and 14, the DM? implementation has increased the
workspace, virtual stiffness, and maximum continuous force avail-
able as compared to the devices listed. The combination of all three
characteristics are necessary for a successful large workspace hap-
tic device implementation.
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Figure 13: Maximum stiffness vs maximum continuous force (com-
parison of DM? prototypes to various commercial devices.

In addition to high stiffness and force output, haptic devices re-
quire low output impedance, as measured at the end-effector, to cre-
ate the sense of transparency necessary to simulate zero force. Im-
plementation of the DM? control structure described in Section 3
effectively removes the remaining low-frequency actuator friction
and inertial forces not already attenuated by the low-frequency ac-
tuator SEA controller. To demonstrate this, a simple end-effector
effective-friction experiment was carried out using the two-degree-
of-freedom prototype. In the experiment, the end-effector was
moved along a virtual line? and the forces at the end-effector were

'The workspace volume for the two DOF device in Figure 12 is based
on the measured workspace area of the two-axis prototype with the addition
of a hypothetical third axis, which is vertical and perpendicular to the two
axes, and intersecting the center of the shoulder joint (joint 1) of the existing
test-bed.

2Using hybrid control, where the end-effector was controlled to maintain
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Figure 14: Maximum stiffness vs workspace (comparison of DM?
prototypes to various commercial devices.

measured (see Figure 15). The measured forces are not a strong
function of end-effector velocity and show a rectangular hysteresis
loop, suggesting a coulomb-like friction source. As seen in Fig-
ure 15, the DM? approach is effective at eliminating the majority
of device-friction (from its gear train and reflected rotor inertia),
reducing the output friction to less than 1.5 Newtons.
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Figure 15: End-effector effective friction force as function of end-
effector displacement.

5 CONCLUSION

We have presented the DM? actuation method in the context of
a large workspace haptic device. Its qualifications in regards to
transparency, performance and safety were discussed. The con-
trol scheme, simple in its design and implementation, was de-
scribed along with some unique challenges that were overcome in
its development. Experimental data showing the effectiveness of
the approach was presented, demonstrating high overall stiffness,
high force capability and low output impedance, all within a large
workspace.
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its y-position while commanding zero force in the x-direction.
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