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Fig. 1. Our active two-phase fingers mounted on a simple parallel-jaw gripper enable a dexterous pick-and-place task. The robot picks up a glass test-tube
in the brake phase, and it then transitions to the free phase to reorient and place the test-tube vertically.

Abstract— We present the design of an active two-phase finger
for mechanically mediated dexterous manipulation. The finger
enables re-orientation of a grasped object by using a pneumatic
braking mechanism to transition between free-rotating and
fixed (i.e., braked) phases. Our design allows controlled high-
bandwidth (5 Hz) phase transitions independent of the grasping
force for manipulation of a variety of objects. Moreover, its thin
profile (1 cm) facilitates picking and placing in clutter. Finally,
the design features a sensor for measuring fingertip rotation
to support feedback control. We experimentally characterize
the finger’s load handling capacity in the brake phase and
rotational resistance in the free phase. We also demonstrate
several pick-and-place manipulations common to industrial and
laboratory automation settings that are simplified by our design.

I. INTRODUCTION

Dexterous manipulation involves moving an object in
hand, usually through contact interactions. Planning and
controlling these interactions often boils down to planning
contact locations and modes (e.g., sliding, sticking, rolling,
pivoting) and maintaining them through control schemes.
Enforcing a sequence of planned motions can be challenging
under model uncertainty and with limited sensing. Task-
driven hardware design, however, can simplify both planning
and execution of dexterous manipulations.

This paper presents an active two-phase finger design
that pneumatically enables mode transitions between a free
rotating fingertip (free phase) and a stationary fingertip
(brake phase). Our finger design presents three main features:
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• Active mode transitions allow full control of transi-
tions between the free rotation and brake phases of the
fingertip independent of the grasping force.

• The thin profile of the finger allows access to and
precise placement of objects in clutter.

• High bandwidth control that is made possible by fast
transitions between the free and brake phases and a
high-resolution encoder.

We describe the design of our active two-phase finger
in Section III and Section IV. The fingertip is secured by
a bearing to the body of the finger. A rubber diaphragm
sits between the body and fingertip with a small clearance.
When pressurized, the diaphragm inflates and presses against
the back of the fingertip, “braking” the fingertip’s free-
rotation. Depressurising the diaphragm immediately releases
the brake allowing free-rotation of the fingertip again. Since
this transition is independent of the grasping force, it enables
manipulation of objects that require different grasping forces
(e.g., heavy or light, rigid or delicate).

We also validate the load handling capacity (braking
capacity) of the two-phase fingers as a function of the applied
air-pressure in Section V. Furthermore, our experiments
verify that there is minimal rotational resistance in the free
phase, allowing the fingertips to rotate irrespective of the
applied grasping force. Finally, we observe that the transition
between the free and brake phases takes a fraction of a
second.

Finally, we use this two-phase finger to actively reorient
objects in a parallel-jaw grasp for a few manually pro-
grammed pick-and-place operations; for example, picking up
a glass test-tube off a table and placing it vertically in a stand
(Fig. 1). This scenario highlights some of the aforementioned
features of our finger, namely the ability to grasp and pivot
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fragile objects and then place them in tight arrangements. We
believe our active two-phase gripper enables opportunities
for new planning methods that can exploit this controllable
degree of freedom at the fingertips for complex manipulation
tasks.

II. RELATED WORK

In this section, we review related work on designing
hardware to control the contact mode (Sec. II-A) and its
application to simplifying planning and control for manipu-
lation primitives (Sec. II-B).

A. Design for controlling contact mode

In this work, we use a pneumatic brake to control the
contact mode (i.e. sticking or rotating) between the gripper
and the grasped object. We are inspired by prior work on
the use of switchable adhesion, including electromagnetic,
pneumatic, and electrostatic, to control contact mode in both
manipulation and locomotion.

Adhesion is often used to maintain and release contact be-
tween the robot and its environment. In locomotion, this can
be used to enable climbing; for example, Zhu et. al [1] and
Kim et. al [2] use switchable suction in the design of tracked
robots that can adhere to the inclined surface. Similarly,
De Rivaz et. al [3] and Gu et. al [4] use electroadhesion to
design insect-scale legged and soft climbers, respectively. In
manipulation, suction cups can be used to make and release
contact between the end-effector and the object. The success
of this approach has made suction ubiquitous in the design
of grippers for bin-picking tasks [5].

Switchable adhesion can also be used to facilitate tran-
sitions between sticking and sliding contact modes. For
example, Becker et. al [6] use pneumatics to alter the fric-
tional proprieties of a soft-gripper to switch between sticking
and sliding contact. As described below, such mechanically
mediated contact-transitions can be useful for dexterous
manipulations.

B. Design for dexterous manipulation

Traditionally, researchers have developed methods for dex-
terous manipulation that plan robot motions based on models
of the system’s mechanics [7], [8], [9]. For fast and efficient
planning, many recent approaches restrict these models to
specific contact modes (e.g., only sticking or sliding) and
achieve dexterous manipulation as a concatenation of simple
rotational, translational, and precessional motions [10], [11],
[12], [13]. The accuracy of the generated motions, however,
depends on the knowledge of the physical parameters of the
system, which are often difficult to estimate precisely.

On the other hand, addressing the need for dexterity with
task-specific mechanical solutions is common in industry.
Part feeders reorient and locate objects so robots can simply
pick and place them [14]. Moreover, fixtures around robots
help them re-grasp an object through a series of place-and-
pick operations. Similarly, recent research looks into building
grippers that facilitate dexterous manipulations. Chavan-
Dafle et al. present the idea of two-phase gripper to pivot
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Fig. 2. A schematic showing two locations for applying braking pressure
to the fingertip, the disk (a) or the shaft (b). The brake-torque generated by
applying pressure at the disk is greater than that at the shaft for R > L.

and grasp objects using gravity [15]. Spiers et al. design
fingers with switchable friction pads to contact the grasped
object as needed and reorient it in the grasp [16] for table-top
manipulations.

Combining the merits of the two approaches described
above, Hou et al. [17] and Terasaki and Hasegawa [18]
present mechanisms and planners for object re-orientation.
They design a gripper with free-rotating fingertips that can
be made stationary with a grasping force higher than certain
threshold. They then integrate this controllable finger rotation
into their in-hand manipulation planner for increased dex-
terity. Their designs, however, require the transition thresh-
old to be manually set beforehand for objects of different
weights. In this paper, we focus on developing a similar
two-phase gripper, but with an active phase transition that
is independent of the grasping force. Our gripper can be
used to manipulate a range of objects without prior tuning
and adjustment.

III. DESIGN REQUIREMENTS AND SELECTION

In this section, we describe the design requirements for
our finger (Section III-A). Based on these requirements, we
explore two candidate brake configurations (Section III-B),
and three possible braking mechanisms (Section III-C).

A. Design requirements

The ability to seamlessly handle and reorient objects is
particularly useful for electronics assembly and medical lab
automation where objects need to be picked up and placed in
tight arrangements. Typical objects in these applications are
small and lightweight. Consequently, we assume the mass
and half length of a typical object to be manipulated are
≤50 g and ∼5 cm, respectively. Under this estimate, with
a factor of safety of 4×, the maximum frictional torque
required is 0.1 Nm.

Based on our observations of grippers commonly used in
industrial pick-and-place applications, we aim to have a fin-
gertip with a diameter of about 2 cm. We also try to minimize
the thickness of the finger to allow for grasping in clutter.
Finally, we want to include the ability to measure the rotation
of the fingertips for feedback and control applications.

B. Brake configuration

Our two-phase finger has two possible brake configura-
tions: a disk-brake (Fig. 2a) and a shaft-brake (Fig. 2b). As
per our design requirements, the finger needs to support a
torque of 0.1 Nm in the brake phase. The analysis presented
here shows that, for our application, a larger brake-torque
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Fig. 3. Schematics showing an (a) electrostatic disk-brake and (b) a
pneumatic disk-brake in the brake phase. (c) Brake-torque as a function
of applied voltage (pressure) for the electrostatic (pneumatic) brakes. The
desired torque is achieved at approximately 13 psi with a pneumatic brake
and 410 V using a compliant electroadhesive brake.

can be generated using a disk-brake. Assuming a uniform
pressure distribution, the brake-torque is computed as the
product of the coefficient of friction between the brake and
the fingertip (µ), the braking pressure (P), the contact area
(A), and the distance between the centers of rotation and
pressure (reff) [19]:

τbrake = µ PAreff. (1)

The brake torque for the disk-brake is then given by

τdisk = µ Pπ(R2
2 −R2

1)
R2 +R1

2
, (2)

where R2 and R1 are the outer and inner radii of the disk,
respectively. The same for the shaft-brake is

τshaft = 2µ PπR1LR1, (3)

where L and R1 are the length and radius of the shaft,
respectively. We see that τdisk ∝ R3 and τshaft ∝ R2L for some
effective R. The ratio of the two is then proportional to

τdisk

τshaft
∝

R
L
. (4)

We assume that R > L as our design objective is to minimize
the thickness of the gripper. In our implementation, L ≈
R1 and R2 ≈ 4R1. Consequently, the torque generated by
the disk-brake is approximately 10× larger than the torque
generated by the shaft-brake for the same applied pressure.

C. Braking mechanism

We now investigate different disk-braking mechanisms. In
particular, we discuss rigid electrostatic (Fig. 3a), compliant
electrostatic, and pneumatic (Fig. 3b) brakes. We evaluate
each mechanism based on its torque generation capability
(Fig. 3c) and present our rationale for using pneumatic
braking. We note that the analysis presented here is simplified
and neglects implementation-specific details to allow a fair
comparison between the braking mechanisms.

1) Rigid electrostatic brake: An electrostatic brake
(Fig. 3a) consists of a dielectric material (blue) that is
attached to the finger-body (striped) and barely touches
the fingertip (gray). In the brake phase, the finger-body
is charged to a positive voltage (V ) and the fingertip is
grounded. Assuming both the finger-body and fingertip are
made from conductive materials, the electrostatic pressure
(Pre) between the two is given by [20]:

Pre = εdε0
V 2

2t2 , (5)

where ε0 is permittivity of vacuum and εd and t are the
dielectric constant and thickness of the dielectric, respec-
tively. Assuming a Coulomb friction model, the brake-torque
is computed by combining (2) and (5):

τre = µ Pre Areff = µ π(R2
2 −R2

1)Pre
R2 +R1

2
. (6)

Here µ is the coefficient of friction between the fingertip and
the dielectric material.

2) Compliant electrostatic brake: Recently, Diller et. al
conducted an empirical design study on the electrostatic
friction force (Fce) between two compliant, conductive,
rectangular electrodes separated by a dielectric [21]. They
found that the Coulomb friction model (6) underestimates
friction force by ∼ 10×, and instead proposed the following
empirical relationship:

Fce = exp(c1) lc2 wc3 tc4
d tc5

e V c6 agec7 . (7)

Here l, w, and te are the length, width, and thickness of a
single electrode, td is the thickness of the dielectric, and age
is the age of the clutch in days. The fit coefficients, taken
from Diller et. al, are c1 = −23.18, c2 = 0.91, c3 = 1.11,
c4 =−1.50, c5 =−0.36, c6 = 2.61, and c7 = 0.29.

Since c2 ≈ c3 ≈ 1.0, we can replace lc2 wc3 with A in (7)
and write the electrostatic pressure between two compliant
electrodes as

Pce =
Fce

A
= exp(c1) tc4

d tc5
e V c6 agec7 . (8)

Assuming we can incorporate compliant electrodes into a
finger design, we treat (8) as a “best-case” scenario for the
electrostatic brake. Assuming a uniform pressure distribution
between the electrodes, the brake-torque is

τce = µ π(R2
2 −R2

1)Pce
R2 +R1

2
. (9)

3) Pneumatic brake: The braking pressure for a pneu-
matic brake is equal to the pressure in the pneumatic line
(Pl), and the brake-torque can be computed via (2):

τpnu = µ π(R2
2 −R2

1)Pl
R2 +R1

2
. (10)

4) Mechanism comparison: We evaluate the three mech-
anisms in Fig. 3c. The geometric parameters are set to
describe the maximum theoretical contact area: R1 =2.5 mm
and R2 =10 mm. The coefficient of friction is µ = 0.6 as
in Diller et. al. As in our previous work [3], we assume
the dielectric for the rigid electrostatic brake is a 12.5 µm
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Fig. 4. Exploded line diagram of the computer-aided-design (CAD) model
of our two-phase finger with individual components labelled.

thick polyimide sheet (Kapton, Dupont) as it has a high
electrical breakdown voltage. This material has εd = 3.5 [22].
The parameters of the compliant electrostatic brake are
te =20 µm, td =60 µm, and age =1 d. The thicknesses (te and
td) are chosen to maximize the friction force based on Diller’s
model and the age is set to one for same-day use.

We find that the desired torque is achieved at ∼960 V using
a rigid electrostatic brake, ∼410 V using a compliant electro-
static brake, and ∼13 psi using a pneumatic brake. We select
a pneumatic configuration since a 13 psi pressure source
is readily available while both electrostatic configurations
require high voltages, and consequently, careful insulation.

IV. DESIGN OF PNEUMATIC TWO-PHASE GRIPPER

Here we give a more detailed description of the design of
a two-phase finger (Section IV-A) and describe the assembly
procedure (Section IV-B).

A. Design description

Fig. 4 shows the components of our two-phase finger. The
fingertip, finger-body, and cover plate were custom machined
out of aluminum (T6-6061) for precision and leak prevention.
The body of the finger additionally accommodates a 2 mm
diameter internal pneumatic routing line as well as the
housing for a rotary encoder assembly (RLS, RM08 rotary
encoder). The encoder magnet is placed within the axle of
the fingertip and the fingertip is mounted in the finger-body
with a precision fanged ball bearing. The finger is 1 cm
thick at its tip, which is sufficiently thin for operation in
cluttered scenarios. We chose an abrasion resistant 0.25 mm
thick natural rubber as the diaphragm material for its low
profile, elasticity, and tensile strength.

B. Finger assembly

First, the diaphragm was precision cut out of natural
rubber sheet using a laser cutter. The bearing was press
fit into the finger-body using a vice. Next, the finger-body
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3
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Fig. 5. A cross-sectional view of our two-phase finger (right). Enlarged
cross-sections views of the distal end of the finger show the geometry of the
diaphragm during the free phase (top-left) and the brake phase (top-middle).
The gap between the fingertip and finger-body is enlarged in this figure for
illustrative purposes.

was secured face-up in a vice and adhesive (Permabond
Low Viscosity Instant Adhesive 910) was added to the
two diaphragm bonding channels. Once both channels were
filled the diaphragm was placed using tweezers and locating
features on the finger-body to ensure proper alignment. Fig. 5
shows the shape of the diaphragm in deflated and inflated
state and relative arrangement of the components near the
distal end of the finger.

Next, the encoder magnet was inserted into the hollow
axle of the fingertip and glued (Permabond 910) in place.
The two assemblies were then left overnight to fully cure.
Once the assemblies cured, the finger-body assembly was
pressure tested to ensure proper bonding of the diaphragm.
The fingertip and finger-body assemblies were then press
fitted together using a vice. Finally the encoder was slotted
in place at the back of the finger-body and the cover plate
was attached using four M2 screws.

V. EXPERIMENTAL RESULTS AND DEMONSTRATIONS

Here we describe the experimental setup (Section V-
A) and procedures (Section V-B) used to characterize the
performance of our two-phase finger. We present the re-
sults of these experiments in Section V-C and show a few
demonstrations that highlight of our finger’s capabilities in
Section V-D.

A. Experimental setup

We performed an experimental characterization of our
two-phase finger for three performance measures: (a) holding
torque in the brake phase as a function of supplied pressure,
(b) diaphragm void time as a function of supplied pressure,
and (c) rotational resistance in the free phase as a function
of grasp force. All three sets of experiments used the same
experimental setup (Fig. 6) described below.

We mounted two of our two-phase fingers on a ABB
Yumi robot’s parallel-jaw gripper. We used a torque gauge
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Fig. 6. Our active two-phase fingers are mounted on a ABB YuMi robot
gripper. The torque gauge allows us to add external load and observe the
brake-torque response of the fingers.

(weighing 9 g) with notches for holding precision weights
at intervals of 1 cm. The gauge was firmly attached to both
fingertips to prevent slip between the fingertips and the gauge
during the experiments. A positioning-fixture was used to
ensure that the initial angle of the gauge was consistent
across all experiments.

The inflation of the diaphragm was controlled using a
solenoid valve triggered by 24 V digital I/O signal from the
YuMi Robot controller. The supplied pressure was varied
via a manual air regulator between different experiments.
Encoder data was collected from one of the fingers using
the RLS E201 encoder interface. The experimental procedure
was automated to trigger the pneumatic actuation and collect
the encoder readings with their respective time-stamps.

B. Experimental procedure

We measure the frictional torque in the brake phase to
validate the linear model described in Section III-C. Since the
model has only one parameter, we measure brake torque for
four supplied pressure values evenly spaced between 2.5 psi
to 12.5 psi. For each pressure, the finger was loaded with
a 20 g weight at five equally spaced distances between 2 cm
to 10 cm. The gauge was then held against the positioning
fixture to set the initial angle and the diaphragm was inflated,
braking the fingertip. We then released the gauge and used
the encoder data to record its final angle. The trials for which
the gauge’s rotation was less than 5◦ were considered suc-
cessful. This threshold was set to accommodate the change
in angle due to small shear deformations in the diaphragm
that occurred at lower brake pressures.

A similar procedure to that previously described was used
to characterize the time required for deflating the diaphragm
(void time) as a function of the supplied pressure. For these
experiments, the same four pressure values were used with no
additional weight on the torque gauge. We conducted three
trials for each supplied pressure. The void time was measured
as the time between when brake was released by digital
trigger and when the encoder measured that the gauge had
rotated by 45◦. The 45◦ angle was selected as a conservative
estimate that the diaphragm had completely deflated.
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Fig. 8. Diaphragm void time in free phase as a function of brake pressure.
The void time remains around 0.2 s independent of brake pressure. Raw-
data and a line through the mean value is shown as an orange ‘x’ and a
blue line, respectively.

Finally, we evaluate the rotational resistance in the free
phase as a function of grasp force. For these experiments,
four grasp force values were chosen in increments of 5 N
from 5 N to 20 N. No additional weights were added to the
gauge to test for the minimum loading case. We visually
observed that in the free phase, the gauge rotates freely in
the grasp irrespective of the grasping force.

C. Experimental results

The holding torque as a function of supplied pressure is
shown in Fig. 7. The trials where the two-phase gripper was
able to hold the applied torque are shown in green and the
trials where the gripper failed are shown in red. The black
line is the best linear (zero y-intercept) approximation to the
boundary between the two regions. Since we are grasping
with two fingers, the slope of this line, equal to 2µAreff (1),
should be 1.5 Ncm/psi based on (10). As observed in Fig. 7,
experimentally it is 0.17 Ncm/psi, approximately 9× smaller.
This could be due to differences between the predicted and
true coefficient of friction, contact area, and brake pressure.
For example, the contact area between the diaphragm and the
fingertip is likely much less than the maximum available area
used for the calculations in Section III-C. If we assume the
cross-section of the inflated diaphragm is a toroid, then the
predicted contact area based on the geometry of the physical
finger is about three times lesser.
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Fig. 9. Time-stamped images of our two-phase gripper picking, lifting, pivoting, and placing a cylindrical object of mass 7.2 g (top) and prismatic object
of mass 15.2 g (bottom).

In the second set of experiments, we observed that the
void time is almost constant for different brake pressures
and is approximately 0.2 s as seen in Fig. 8. Given that the
diaphragm can be inflated almost instantaneously, we can
toggle between the free and brake phases at about 5 Hz.

D. Demonstrations

We highlight the utility of our active two-phase gripper
in a number of manually scripted demonstrations. The first
is a simple “lab-automation” task, shown in both Fig. 1 and
the supplementary video. The robot picks up a glass test-
tube (mass = 7.5 g, length = 10 cm) off a table in the brake
phase, it then transitions to the free phase, as a result, the
test-tube rotates 90◦ to align with the direction of gravity.
Finally, the robot places the test-tube in a rack. Our fingers
enable this task as they can grasp the test-tube with low-force
to prevent damage and then exert the brake-force required to
hold the tube at a desired angle. The low rotational friction
in the free phase enables pivoting of this fairly light object,
and the thin profile of the fingers allows for placement of a
test-tube between two tightly arranged tubes.

We also conduct a similar pick-pivot-place experiment
with a cylindrical object (mass = 7.2 g, length = 7.5 cm)
in peg-in-hole setting. Finally, we perform a simple pick-
pivot-place experiment with a heavier prismatic object (mass
= (15.2 g) , length = 7.5 cm). These experiments, shown in
Fig. 9 and in the supplementary video, demonstrate that we
can grasp, hold, and rotate objects with different shapes and
weight with no tuning of the gripper needed in between.

VI. CONCLUSION

We present the design of a novel two-phase finger with
an active pneumatic brake. We analyze several brake config-
urations and mechanisms and select a pneumatic disk-brake
since it both satisfies our design requirements and relies on
a readily available power source. We also experimentally
evaluate the performance of our gripper and observe that
it can support a torque of about 0.02 Nm at 12.5 psi in
the brake phase, while grasped objects can freely rotate
independent of grasp force in the free phase. We also note
that void time remains constant across different supplied
pressures.

Our gripper has several advantages over previous de-
signs [15], [17], [23]. The most important is the ability to
transition between the free and brake phases independent of
the grasping force. Other advantages include a compact and
simple design to enable grasping in clutter, an encoder to
estimate the rotation of the grasped object, and quick and
repeatable actuation.

A. Limitations

Our finger design prototyping and experimental testing
has revealed a few limitations. One limitation of the current
design relates to the lifespan of the gripper. The fingertip
is currently secured by a single bearing, which makes it
susceptible to orthogonal torques and reduces the lifespan of
the bearing. Similarly, the rubber diaphragm directly contacts
the fingertip during braking. This interaction will cause the
diaphragm to wear, limiting its lifespan. The effects of these
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limitations, however, can be evaluated via fatigue testing and
the design can be modified (e.g., by placing a brake-pad over
the diaphragm to protect it).

Moreover, mechanical imperfections in fabrication cause
deviations from the theoretically expected braking perfor-
mance. We will both characterize the effect of these imper-
fections on the brake torque and improve our design to limit
their impact. Finally, the bandwidth of the pneumatic brake
is currently limited to 5 Hz by the inflation/deflation time of
the diaphragm. Though this is sufficient for simple pick and
place manipulations, it could be improved by implementing
an active suction mechanism to expedite the deflation.

B. Future work
We anticipate our future work to follow a few direc-

tions. The first is developing feedback strategies that utilize
the encoder readings. We can potentially use the encoder
readings from two fingers to estimate both the pose of the
grasped object and and contact states (i.e., sticking or sliding)
at the fingertips. A controller could then regulate both by
modulating the brake torque and gripper pose. We can also
develop planners that leverage the mechanically enabled re-
orientation capability of our gripper to decouple translational
and rotational re-grasp planning [13] for complex and general
dexterous manipulation.
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