


Actuator Transparency and the Energetic Cost of Proprioception

Abstract

In the field of haptics, conditions for mechanical “transparency”[1] entail such qualities as “solid virtual
objects must feel stiff” and “free space must feel free”[2], suggesting that a suitable actuator is able both
to do work and readily have work done on it. In this context, seeking actuator transparency has come to
mean a preference for minimal dynamics [3] or no impedance [4]. While such general notions seem
satisfactory for a haptic interface, actuators with good mechanical transparency are now being used in
high-performance robots [5, 6] where once again they must be able to do work, but are now also expected
to perceive their environment by processing signals related to contact forces in the leg or manipulator
when an explicit force sensor is not present. As robotics researchers develop models [7] suitable for
programming behaviors that require systematic making and breaking of contact within the environments
on which they perform work, actuators must be capable of: (a) generating the high forces at speed
needed to accelerate the body during locomotion [5]; (b) robustness to high forces and impacts during
locomotion [8]; (c) perceiving high force events quickly, such as touchdown in stance [9]; (d) perceiving
contact quickly without exerting significant force on the object, such as in gentle manipulation [10]; and
(e) reacting quickly during time-sensitive behaviors [11].

This work aims to describe a quantitative assay of transparency that might, for example, predict the
advantage in proprioceptive tasks of an electromagnetic directdrive (DD) motor (i.e., one without
gearbox), relative to actuation schemes consisting of both a motor and a geared reduction. Specifically,
we explore the prospects for characterizing transparency as revealed by comparing the energetic cost of
“feeling” the environment. Our sample proprioceptive task is instantiated by a simple torque estimator in
Sec. 2. This scheme is then instrumented in simple contact detection experiments paired with a model to
empirically explore the relationships between collision energy and detection time delay in Sec. 3. The
actuators are then tested with a feel-cage task to illustrate the advantage of good transparency in Sec. 4.
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Fig. 2 (a) Detection delayt, as a function of collision energ¥,. (b) Energy LossPE, as a function of collision
energy,T. The dotted and solid traces plot, respectively, the experimental data and the modeled predictions.

from egn(1) (with the desired positiagy = 0 and the actual positiogy, = q), f =
ksg, and the motor general draigrag = bng + tcou as

(Um+ mg9)q= kg bnd  teous (2)
with the initial conditionq(0) = 0, q(0) = w, and has the solution

t(bp+ D) t(bn D)
q(t) = 8273( t (bn 2ck>S)D2J|<SWC)+ e 2 ( t(bn+2ck>s)52Jkswc) tCTc;m; 3)

where D = P b2  4ks(Jn+ mgr?). As shown in Fig.1 all these cases represent
the condition in which the system is underdampedDs a complex number.
The trajectories resulting from varied impact velocitiag; are solved for until
jq(t)] 0O:1lrad at timet := te = t; + t,. With the assumption of inelastic collision,
the angular velocity of the shuttle mass and the actuator at the detected ¢j(tg is
and the velocity of the shuttle massis. = q(te)r. Results of the contact detection
experiment and the simulation model are shown in Fig. 2.

Fig. 2a shows detection deldy as a function of collision energy. The exper-
imental results (dots) match well with the numerical simulation from the model
(solid curves). From the energy-detection delay curve for each actuator, we can see
that it takes more time for the actuator to detect contact when the collision energy
is smaller. Because some of the energy transferred to the actuator at the time of
collision is converted into motor shaft kinetic energy, it takes more time to rotate
the actuator with less energy. However, if the collision results in a force insuf cient
to overcome the actuator friction then the shaft will not move, precluding any pos-
sibility of contact detection, and this accounts for the vertical asymptote of these
curves at very low energies. Fig. 2a also shows that when a motor is equipped with
a gearbox, more energy is required to trigger contact detection.

For the actuator to detect contact, there must be enough energy to back-drive the
actuator, overcome the frictions, in addition to any Joule heating. This energy can be
measured as the energy I&3E in kinetic energy of the shuttle during the detection
delay, or



