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Fig. 2. (a) Typical constricting-band approaches to squeeze produce nonuni-
form and tangential forces which would cause embedded tactors to shift. (b) Our
decoupled approach aims to produce pure, uniform normal forces.

self-contain this iteration of Tasbi. Therefore, Tasbi does not
include onboard microcontrollers, batteries, or wireless com-
munication, and relies on an external control unit. We felt that it
was more important to focus on miniaturizing the mechanisms
and sensing for the initial prototype, and address these concerns
in a future iteration.

A. Squeeze Mechanism

As already discussed, most squeezing devices use a similar
scheme where one or more rotational actuators are used to
directly wind a band element into an actuator housing [16], [18],
[20], [28], [49], [50]. While this approach is straightforward, it
presents two main issues [Fig. 2(a)]. First, directly tensioning the
band itself gives rise to an unequal distribution of forces where
there are concentrated tangential shear forces on the sides of the
arm, and smaller normal forces on the underside. Furthermore,
this results in nontrivial squeeze force losses due to friction
between the band and skin. Second, because this method causes
the band to translate along the skin, it is not well suited to
embedding vibrotactile elements in the band since they would
consequently translate too. Maintaining the radial positions of
the vibrotactors is key since their movement would decrease user
identification rates and possibly cause discomfort. Some devices
have circumvented this issue by using two separate bands: One
for generating squeeze, and one for housing vibrotactors [22].
However, this approach is less than ideal for a wrist-watch form
factor and complicates donning and doffing the device.

Tasbi solves these problems by decoupling squeeze actuation
from the wrist band and vibrotactors. This is accomplished by
means of small diameter, flexible ultra-high-molecular-weight
polyethylene (UHMWP) cord (trade name Dyneema/Sprectra),
which wraps circumferentially around the exterior of the band
[Fig. 2(b)]. Tensioning this cord, not the band, creates squeeze
forces. Friction is minimized by separating contact between the
cord and band with smooth, polished steel pins placed directly
above each vibrotactor. This mechanism results in cord tension
being transmitted as an inward force approximately normal to
the vibrotactor, as can be understood through simple geometric
inspection. Because friction between the pin and cord is small,
little tangential force is be transmitted to the band, and as a
result each vibrotactor maintains its radial position around the
circumference of the wrist. Eliminating friction and tangential
forces also allows for a smaller actuator, since most power is
ideally converted to purely normal squeeze force. Furthermore,

tensioning the lightweight cord instead of the entire band means
less mass must be moved to accomplish similar displacement,
further reducing the power required of the tensioning actuator.

A rudimentary prototype of the squeeze mechanism and
haptic sketching [65] suggested that approximately 10 N of
tension would be required to achieve an appropriate range of
squeeze stimuli. Several tensioning mechanisms and actuators
were initially considered. For ease of implementation and con-
trol, a electromechanical approach, as opposed to pneumatic or
other exotic approaches, was decided. Linear actuation methods
were disregarded since achieving a stroke length necessary
to generate enough cord takeup would necessitate a nonideal
housing length. For this reason, a rotary scheme with a winding
spool was chosen. Many hobbyist servo motors met our size
and torque requirements, but generally these actuators produce
a high degree of audible noise and do not provide continuous
rotation. We therefore chose to use a brushed dc motor. An
additional reduction stage was required to meet our torque needs.
Commercially available gear units, which typically implement
one or more serial stages of planetary gears, were found to also
suffer audible noise issues and were unavailable in sufficiently
compact sizes.

Our final solution utilizes a 12-mm Maxon DCX motor cou-
pled to a 100:1, 13-mm strain-wave gear unit from harmonic
drive in Fig. 3. These drives offered a set of characteristics
we deemed necessary to fully realize Tasbi: 1) a sufficiently
high torque reduction; 2) low audible noise due to having zero
mechanical backlash, and most importantly; and 3) compact-
ness far superior to conventional gear units. The dc motor and
harmonic gear unit are contained within a 50 × 35 × 15 mm
housing (below our target size), which rests on the dorsal side
of the user’s wrist. Attached to the output of the gear unit is
a 10-mm diameter spool. Both ends of the cord terminate to
the either side of the spool so that the take-up rate is doubled
(anecdotally, it is possible to double cord tension at the expense
of half the take-up rate by fixing one end of the cord to the
housing, achieving a pulley-like effect). The cord is redirected
internally over additional smooth pins to exit at the center of the
main housing, balancing a moment arm that would otherwise
cause the housing to torque about its short axis.

The dc motor is driven by an externally located 4-quadrant
pulse-width modulation (PWM) servo controller (Maxon Escon
24/2) operating in a current control mode. Position estimation is
achieved via incremental encoder feedback placed on the motor
side of the mechanism. To maintain a small footprint, we used
an ultra miniature optical encoder (Elesta E OI R016) featuring
a reflective mirror code wheel, with the optoelectronic sensor
PCB embedded into the rear connector panel of the housing.
With 128 counts per revolution and a 100:1 reduction, Tasbi
can achieve 0.007◦ positional accuracy at the spool output in 4X
quadrature mode. This level of accuracy is unnecessary for spool
positioning, but provides smooth velocity estimation which was
ultimately critical to our squeeze control implementation (see
Section IV).

It is worth noting that the drive mechanism is not easily back-
driven due to its high gearing ratio. While this does present mild
safety concerns (i.e., users cannot manually loosen the device
with ease), it means that Tasbi can maintain varying levels of
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