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Abstract— For over three decades finger gaiting has remained
largely a subject for theoretical inquiries. Successful execution
of a sequence of finger gaits does not simply reduce to planning
collision-free paths for the involved fingers. A major issue is
how to move the gaiting finger without losing other finger
contacts with the object. To realize the finger movement, it
will most likely undergo a motion as the contact forces must be
adapted during the gait. This paper focuses on a single finger
gait executed on a tool by an anthropomorphic hand driven
by an arm. To improve stability, the tool’s tip is leveraged
as a pivot on the supporting plane. The gait consists of three
stages: removal, during which the contact force on the gaiting
finger gradually decreases to zero; relocation, during which
the finger follows a pre-planned path (relative to the moving
object) to establish a new contact; and addition, during which
the contact force on the relocated finger increases to some de-
sired level. Hybrid position/impedance control employ reference
finger forces that satisfy the friction cone constraints and are
dynamically consistent with the object’s motion, which in turn
provides reference poses for the fingertips to maintain their
contacts during the gait. Finger gaits have been demonstrated
on a Kitchen knife and a screwdriver with an Adept SCARA
robot and a Shadow Dexterous Hand.

I. INTRODUCTION

Until today, no algorithms exist for a robotic hand to
achieve power grasps on naturally resting tools. Several
issues surrounding a successful grasp execution have often
been overlooked in research. First, part of a tool’s handle may
not be accessible because the tool often lies on a supporting
surface instead of standing on it or being hanged in the
air. Consequently, some pre-grasp operations are needed.
Second, finger gaits need to be carried out to achieve a
desired relative pose of the hand to the handle. This requires
planning of the motions of the tool and hand along with the
finger contact forces under dynamics and contact constraints.
The resulting position and force trajectories can then be
used as profiles for control and execution. Third, primitive
operations, such as gaits and pivots, are vital for preventing
loss of finger contact.

We are interested in hand tools with pointed tips (e.g.,
kitchen knives, screwdrivers, wrenches). A kitchen knife
will be focused on as a representative in this paper, but
the analysis and control methods can be easily transferred
to other tools. A sequence of finger gaits is performed
dynamically by an anthropomorphic hand mounted on an
arm. Each gait breaks down into three stages: finger removal,
finger relocation, and finger addition, as shown in Fig. 1.
Contrary to a common presumption, finger removal cannot
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Fig. 1: Single finger gait. (a) The fingertip marked in red is about to
be removed from the handle as its contact force gradually decreases
to 0. (b) The fingertip is being relocated to a new contact position.
(c) The fingertip re-establishes contact with the handle from the
bottom side, increasing its contact force gradually to a certain level.

be performed in negligible time because this may cause other
fingers to slip at their contacts. We aim for a procedure that
gradually reduces the contact force to zero on the finger
being detached. In some poses, the knife will inevitably
move with the change of this contact force, since the static
equilibrium and friction cone constraints cannot be satisfied
simultaneously. Consequently, a knife pivoting motion is
carried out to dynamically balance the object and adapt
the contact forces on the other gripping fingers to prevent
slippage.

During relocation, the finger establishes a new contact via
tracking some pre-planned path. Unlike previous studies [1]—
[4], the palm is allowed to move for achieving a larger range
of motion and, as a result, yielding fewer gaits towards the
goal grasp. Addition of the finger, as opposed to removal, in-
creases the contact force on it to a certain level. Optimization
is employed to cope with the force indeterminacy caused by
the presence of multiple contact points.

The paper is organized as follows. Section III derives the
dynamics of the knife in a pivoting motion. To reduce the
disturbance to the object due to finger removal and addition,
a strategy for smooth contact force adjustments is proposed
in Section IV. In Section V, a path of the entire hand during
finger relocation is generated using the rapidly-exploring
random tree (RRT) algorithm [5]. Section VI develops a
workspace hybrid position/impedance controller for the arm-
hand system, with the objectives to apply a desired force, and
in the meantime, to prevent the fingers from sliding or rolling
on the handle. Section VII presents finger gaiting experi-
ments on a kitchen knife and a screwdriver with an Adept
SCARA robot and Shadow Dexterous Hand. Section VIII
concludes with some discussion and future work.



II. RELATED WORK
A. Finger Gaiting

Though proposed more than three decades ago [3], finger
gaiting has remained mostly a subject for theoretical inquiry
with simulation based on often unrealistically simplified
hand models [1], [4]. The maneuver is especially useful
when a dexterous manipulation cannot be accomplished
by rolling or sliding without violating constraints such as
workspace limits, force balance requirements, etc. Much of
the existing research has focused on planning one or more
finger gaits given the object’s trajectory. In [3], [4], a finger
gait was performed when the fingers were reaching their
workspace limitations, while the remaining fingers main-
tained a force closure grasp. Manipulation involving finger
gaits is sometimes modeled as a hybrid (discrete/continuous)
system [1], where path planning algorithms are applied to
find a better finger trajectories, at a high computational
cost. Many researchers have also made attempts in the hand
hardware design [6], [7]. Either the mechanical structure
is sometimes oversimplified to hardly operate on objects
beyond simple toys, or there is a strong dependence on
accurate knowledge of the geometry of the fingers and object.
There are relatively few studies concerning robust finger gait
control in the presence of uncertainties and perturbations
during an execution [2], [8]-[11].

B. Pivoting

Pivoting involves rotating a constrained object relative
to a contact point with the environment or one of the
fingers. Extrinsic resources [12], such as gravity and the
supporting force from the environment, have been utilized
by the maneuver as complements to hand dexterity. This
line of research started with controlled object slipping in
the hand [13], and followed with quasi-static pivoting of
polyhedral objects on the supporting plane [14], [15]. More
recent works use dynamics to generate large rotations [16],
and utilize friction [17] and soft finger contact [18] to
implement robust control strategies against uncertainties.
Reinforcement learning was also exploited in [19] to generate
a model free pivoting control strategy.

C. Object Motion Control

Hand manipulation such as grasping or finger gaiting relies
on accurate finger positioning and force control. To deal with
contact constraints, controls of force and position are more
effectively carried out in the workspace. In particular, hybrid
force/position control [20] is effective when the object being
manipulated is fixed in the direction of the controlled force,
since the implicit force-displacement relationship can be sat-
isfied. When the object is movable, impedance control, which
adjusts the force indirectly through specifying the impedance
of the grasped object against the external force [21]-[23], can
achieve a better balance between the accuracies of position
and force controls. The desired force distribution is often
obtained by optimization [24] due to the presence of multiple
contacts, using a cost function such as power consumption

by joint actuators [26] or joint torques for external wrench
resistance [25].

III. DYNAMICS OF KNIFE PIVOTING

A kitchen knife lies on the table to be picked up by a
robotic hand (mounted on an arm). To attain a power grasp
of the knife’s handle, the hand first needs to gain full access
to its surface. The strategy is to first lift the handle up via
pivoting the knife. Finger gaits can then performed to achieve
such a grasp. This section focuses on the initial pivoting. The
following assumptions are made throughout the paper:

1) The knife has known mass properties and shape.
2) The knife’s initial pose is available to the algorithm.
3) Point contact model with Coulomb’s friction.

Co
Fig. 2: Arm-hand mechanism.

As shown in Fig. 2, the tip ¢ of the knife’s blade is chosen
as the pivot. Two fingers are in contact with antipodal points
be; and bey on the knife’s handle, respectively. Here, the
superscript b refers to the knife’s body frame {B,} located
at its center of mass o.

We pre-specify a target orientation of the knife after the
lift-up and plan its orientation trajectory R,(t) using the
SLERP [35] algorithm with some trapezoidal velocity profile.
Here, Ry is the matrix describing the orientation of {By}
relative to the world frame {1V} located at the arm’s base
(see Fig. 2). Since the pivot point ¢y stays motionless, the
knife’s position in the world frame {W} is given as

o=-cy— R,"co. (N
Differentiating (1) with respect to time twice, we have
¥ = —[W]x R, co — [w]x[w]x Ro co. )

where v, w € R3 are the knife’s linear and angular velocities
in {W}, and the operator [-]x yields an anti-symmetric
matrix whose product with any 3-vector equals the cross
product of the operand with that vector.

We proceed by calculating the desired contact forces that
are required for the knife to move along a lifting trajectory
without breaking its contact with any finger or the table.
These forces will serve as reference values for a controller
to be described later on.

Denote by f; € R? the contact force exerted by the table
and f; € R3, i = 1,2 be that by the finger F;, all subject



to Coulomb friction. Utilizing (2), the dynamics of the knife
can be represented in terms of w as

Mow+C, =Gf, 3)

where G is the grasp matrix and f = (", ;) ".

In rigid body dynamics, a redundancy of contacts results
in indeterminacy of contact forces. To address this issue,
a subsequent constrained optimization problem is solved at
each time step of lifting:

2

max
fo,f1.f2 “
=0

N2
(al ;) @
The objective function characterizes the overall deviation of
the contact forces from their respective contact normals.

The optimization (4) is subject to several constraints. The
first one is the dynamics equation (3), where w and w are
obtained by differentiating the prescribed trajectory R, (t).
Next, every contact force f; must stay inside its friction cone,
namely,

I1fi — (fT Aa)Ral| < paf s,
where g = pr and p; = pg,i = 1,2, are the coefficients

of friction at the table and finger contacts. Finally, the normal
component of each contact force lies within a range:

Frmin < £ 7 < frmax,  1=0,1,2 (©6)

where the bounds f;, min and f,, max ensure that the force is
large enough to maintain contact despite uncertainties but not
too large to break the finger. An interior point optimization
solver [34] can be employed to solve (4).

1= 031727 )

IV. SMOOTH CONTACT FORCE ADJUSTMENT

In this section, we consider how to smoothly remove or
establish a finger contact on the knife’s handle, so as to avoid
the instability otherwise caused by sudden changes in contact
forces. For convenience, we denote JF3 as the finger to be
removed or added, and F7, F» as the fingers whose contacts
on the knife’s handle need to be maintained.

A. Finger Removal

Removal of F3 reduces the number of contact points by
one. The knife often needs to be “dynamically balanced” via
a motion to keep the forces at the remaining contacts to be
inside their friction cones. We intend to allow minimum knife
reorientation to be performed simultaneously with contact
force adjustments.

Let the finger F3 adjust from its initial value of f3¢ to
0 to completely separately the contact. Due to continuous
adjustment of the force f3 exerted by F3, the contact force
on the table or one of F; and F» may reach the edge of
its friction cone to yield a slip (and eventually a break of
contact). To prevent this from happening and thus keep the
knife constrained, we propose a dynamic equilibrium-based
force adjustment strategy. It allows the knife to rotate about
the pivot ¢( in a controlled manner.

We simultaneously optimize both knife’s pivoting trajec-
tory and the corresponding contact forces. The trajectory is

(a) Finger removal.

AN fé;

(b) Finger addition.

Fig. 3: From left to right, the plots show the contact forces at the
beginning, in the middle, and at the end of their adjustments for
(a) removing the finger F3 or (b) adding the finger F>. Gradual
adjustments of forces on the three fingers result in knife movements.

uniformly discretized into K steps over a fixed duration.
Each iteration k is associated with a fixed set of variables,
including a unit quaternion 7 that represents the knife’s
orientation, an angular velocity wy, an angular acceleration
o, and four contact forces f; 5, ¢ = 0,...,3, all at time
instant k. The cost function C' to be minimized has the form:

K K 3
C=6(ro,m)+M Y opor = > > (flhin),
k=0

k=11i=0

where §(7o, 7k ) is the angle between the knife’s initial and
final orientation, and A1, Ao the weights of the corresponding
costs.

Among the constraints enforced at each iteration are
the knife’s dynamics equation (3) and the friction cone
constraints (5) and (6). Additionally, the Euler integral con-
straints are assigned to each step:

1
Tet1 = §hwk"’°ka Wiyl = wi + hoy,

where h is the time step size. We also impose boundary
conditions wy = wg = 0, ox = 0, which require the knife
to stop at a steady state. Next, all quaternion variables must
have unit norms. The last constraint ensures a linear decay
of the contact force on the removing finger:

k

Fopes e = (1 - K) fio 30 (7)

Due to the complexity of this optimization, proper initial-
ization of the free variables is necessary to find a solution.
We gradually scale up the problem by doubling the step
number K each round and apply linear interpolation of the
results from the previous round to initialize variables in the

next. Fig. 4 shows some planned contact force trajectories
simulated using MuJoCo [33].



Osrfz/N

0.7

0.6

054

03 - \
02
01

02 T ~

04
02 §N —
fy/N 8 o2 9 z/ % 1 2 3 4

(@) (b)
Fig. 4: Simulation result of finger removal. (a) Contact force

trajectory of the removing finger within the friction cone. (b) The
angles between contact forces and the normal.
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B. Finger Addition

This phase starts after the finger F3 reaches the new
location on the handle. With the new contact, the knife’s
gravitational load needs to be redistributed. We first calcu-
late a desired load distribution by solving an optimization
problem similar to (4) with an additional contact force f3
being considered. The knife is kept static during the entire
period. Thus, its angular velocity and acceleration are both
set to zero. We denote the optimal forces by f; 4, ¢ = 1,2, 3.

We consider adjusting the contact force by the finger
F3 from O to its target value of f3 4 to achieve a smooth
establishment of contact. Suppose addition of F3 takes L
time periods (mapped to control cycles) of equal duration
h. We let the normal component of f3 increase linearly to
fand = f?I 4M3 where mi3 is the inward normal of the object
at the contact. More specifically, at step [, 0 < [ < L, we
solve the optimization problem (4) with ¢ = 0,...,3 and an
additional linear constraint

R l
f3 n3 = Zf?),nd- (8)
V. FINGER REPOSITIONING

The gaiting finger F3 needs to reposition itself to reach
a new contact location on the knife’s handle. This happens
either right after its removal from an old contact location, or
when the finger makes the first ever contact with the handle.
In this section, we look at how to plan a relocation trajectory
for the finger.

The hand is moved by a 6-DOF arm. We let &;, € RS be
the palm’s pose, and for ¢ = 1,2, 3, g; be the joint angles of
the finger F;. The palm’s pose is determined by the vector gy,
which consists of the joint angles allocated from the hand to
the palm and the joint angles of the arm. Denote by qy, start
the starting configuration of the palm for finger repositioning.
The goal configuration @y goa1 is obtained through inverse
kinematics from a target contact point ®c3 on the knife’s
handle. This point is supplied by a higher-level planner of
gaitsl. The configuration gy, goa1 should not create a collision
between the knife and hand.

'Design of this planner is part of our future work.

A. Constraints on Fingertips

As shown in the Fig. 5, the tip of every finger F;,
1 <4 < 3, has a body frame {B;} located at its geometric
center o;. Let {B; 4} denote the fingertip’s desired frame.
For every finger F; we introduce two frames {C;} and {7;}
fixed on the fingertip and knife’s handle, respectively. In the
case that F; is in contact with the handle, the two frames are
both located at the contact point ¢; where their z-axes are
respectively aligned with the handle’s outward and inward
normals. In the case that F; is being repositioned, {C;} and
{T;} will achieve the aforementioned alignment once the
finger comes into contact with the handle.

finger F3

Fig. 5: Frames {T;} and {C;} for finger F;.

Here, we define the finger F;’s local coordinates &; as a
6-dimensional vector comprising three Z-Y-X Euler angles
(0;,%;,¢;) " and three translational coordinates (z;, s, 2;)
When the finger is in contact with the knife, &; describes the
relative pose of the contact frame {C;} to the tool frame
{T;}. If the finger is being repositioned or not being used,
&, describes the relative pose of the frame {B;} to {B; q}.

For a grasping finger F;, @ = 1,2, to prevent its tip from
sliding, the three translational coordinates x;, y;, and z; need
to maintain the value 0. Rolling of the fingertip, modeled as
a round shape, can be prevented by keeping the Euler angles
1; and ¢; (about the y;- and z;- axes, respectively) at 0. The
first Euler angle 6;, describing a rotation about the contact
normal, does not have to be constrained because its change
will not affect the contact position on the knife. Under these
circumstances, any rotation from {C;} to {7;} is about the
Z; axis only:

R} = Ry, (¢1)Ryz (Vi) Rz, (0;) = R.(0;).
The above constraint can be represented as follows:
Sidin€n + Sidiiqi =0, =12 )
where
Si = [05x1, I5x5]

is a matrix that selects all rotational and translational co-
ordinates but 6;, éh is the velocity of the palm frame, and
the analytical Jacobians (J; 5, J;;) together transform the
velocity (£,,¢)T to F;’s contact frame {C;}. From now



on, we refer to {C;} as the contact frame and {T;} as the
tool frame for the finger F;

B. A Revised RRT Planner

Multiple algorithms exist for the kinodynamic motion
planning problem of constructing a path from g start t0
Qh,g0a1 Under the constraint (9), which needs to be satisfied
throughout the entire relocation motion to prevent a contact
break or movement. Below we briefly describe a modified
version of the RRT algorithm.

In one RRT iteration, we randomly sample’ a pose
T3 and € SE(3) of the body frame {Bs} and query its
nearest neighbor 73,, in the RRT search tree. Next, a
uniform speed trajectory T5(¢) from T3 and to T3 nn iS
interpolated via the SLERP algorithm. Differentiating T5(t),
we have the velocity €3 of the frame {Bs}, which in the
meantime satisfies

€3 = J3.0€n + J3.3Gs. (10)

The constraints (9) and (10) are stacked together as Aqgy, = b,
and solved for g, using the null space of A:

(jh = ATb + (I - ATA)qh,nullv
where AT is the pseudo-inverse of A and

Qh,null = 5V ||qh - qh,goal”2 5

where § is a fixed small step size. We propagate the RRT
search tree from the nearest state towards the sampled pose
T3 vana on the manifold defined by the constraints (9) and
(10). The tree propagation stops when a collision is detected,
and then the next RRT iteration starts. If a valid trajectory
is returned from the state, add the state to the tree. Continue
the search until a goal state is found or some failure criterion
is satisfied.

The motion of the desired body frames {B}, 4} for the
palm and {Bs 4} for the finger F3 can be determined once
a repositioning path is planned. The grasping fingers’ task
frames {7} }, ¢ = 1, 2 are fixed on the knife during the motion
and their desired contact forces are kept unchanged. A hybrid
controller to be introduced in Section VI will carry out the
repositioning.

VI. GAITING VIA HYBRID POSITION/IMPEDANCE
CONTROL

So far, the knife’s motion trajectories and their accom-
panying contact force trajectories have been constructed for
the initial lifting and a complete finger gait. In this section,
we present a controller to track these motions and regulate
contact forces.

Suppose that the finger F; has n; degrees of freedom
(DOFs), for 1 < ¢ < 3. The system of the arm and hand
has a total of n = 6 + n1 + no + n3 DOFs, which constitute
the system configuration q.

2with a certain probability (as we try to direct the trajectory toward the
final goal)

A. Acceleration for the Relocating Finger

The gaiting finger F3 needs to follow the pose trajectory
planned in Section V. Note that &; consists of three Euler
angles and three translational coordinates as given in Sec-
tion V.

We first rename x3 as sz to highlight on that all its
coordinates are selected for control. Next, we have

. E RJ .
S3 = |: 3 I:| |: 3 R;)—:| ng

where J3 € RS*" is the geometric Jacobian evaluated at
03, R3 is the matrix of rotation from the body frame {Bs;}
of the finger F5 to the world frame {W}, and E3 maps
the angular velocity of {B3} in {B3 4} to the corresponding
Euler angle rates. For simplicity, we denote $3 = Hsqs.
Now, we employ the proportional-derivative (PD) control
scheme with the acceleration servo below:

(an

'§3,res = '§3,d + Kv'éS,e + Kpu3,67 (12)

where K,, K, are positive definite gain matrices and s3 . =
s3.q — s3. The desired task frame position, velocity, and ac-
celeration 83 4, 83 4, 83,4 can all be derived from the knife’s
trajectory R,(t).

B. Acceleration for the Grasping Fingers

For a grasping finger F;, ¢ = 1 or 2 , we let the
coordinates &; describe the relative pose of the contact frame
{C;} to the task frame {7;}. Position control is applied
over a subset of coordinates u; = (v;, i, =4, y;) ' . In the
meantime, impedance control is conducted along the z;-
direction to regulate the contact force. We apply a matrix
S; = (S].,.81.)7 € R 1o select coordinates s; =
(u

T T\
i 5% ), where u; = 5; ,&; and z; = S; . &;.

The equation relating s; and q is given as:

: E; R/ .
8; = 5; [ 13><3:| [ RT} Jiq,

where J; is the geometric Jacobian evaluated at c;, R; is
the matrix of rotation from the frame {C;} to the frame
{T;}, and E; maps the angular velocity of {C;} in {T;} to
the corresponding Euler angle rates. Compared with (11),
equation (13) has its right hand side begin with the selection
matrix S; in order to drop the rotation about the contact
normal. Similarly, we denote s; = H,q.

Position control of the coordinates w; is done in a similar
scheme as (12) with obtained acceleration servo i; res. We
deal with force control along the contact normal. Assume
that the material at the contact has linear elastic deformation
property. The normal component f; 4 of a contact force is
then proportional to the amount of finger penetration z; along
the contact normal 2;. Therefore, to achieve a certain contact
force f; a4, the desired z coordinate value z; g is f; na/ke,
where k. is the stiffness at the contact in the steady state.
The servo for the acceleration in the z-direction is given as

(13)

éi,res = éi,d + k';Ll(fi,nd - f’i,n + szi,e + kpzi,e)a (14)



where f; , is the normal component of the contact force
reading from the tactile sensor on the fingertip. Stacking
Uj res and Z; yos together as 8; res.

A total of n, coordinates are selected for the three fingers.
As for the palm frame { By}, the last n — ng coordinates sy,
are chosen for motion PD control, yielding $;, = Hqg.

C. Robot Controller

All the selected coordinates are gather into a vector s =

(s),8{,85,85)". It has the derivative

s=Hgq, (15)

where H = (H, ,H, ,H, ,H3 )" is a square matrix since
the number of coordinates selected for control is the same
as the DOFs of the system. The matrix is invertible as long
as the Jacobians J;(g), 1 < i < 3, are non-singular and the
Euler angles are away from their singularities. This allows
us to solve for the joint acceleration via differentiating (15),
obtaining

G—=H" (g—Hq). (16)
The dynamics of the arm-hand system is given as
T=M(q)§+N(q,q9) +J'f, a7

where 7 € R™ denotes all the joint torques, M(q) is the
robot’s joint space inertia matrix, N(q,q) represents the
Coriolis, centrifugal, and gravitational torques, and J is the
matrix that stacks the robot Jacobians evaluated at c¢; and
f=(f,fr,f)". Substituting (16) into (17), we rewrite
the robot dynamics in the task space:

r=MH"! (s _ Hq) +N(g,q)+J T f,
and describe the controller as
Tetrl = MH_l (éres - HQ) + N+ JT.f

Letting 7.t;1 = 7T in the above two equations, we obtain the
error dynamics of u; and z;:

(18)
19)

'ili,e + Kv’ui,e + Kpui,e =0,
k‘méi,e + k‘véi,e + kpzi,e = fi,n - fi,nd-

The equations (18) and (19) are asymptotically stable. Even
though the contact stiffness k. may not be known exactly
in practice, with an approximation of its value, the proper
gains k,,, and k, can be chosen to assume a good transient
response of (19).

VII. EXPERIMENT

We implemented the introduced knife pivoting and finger
gaiting strategy with an Adept Cobra robot and a Shadow
Dexterous Hand. The palm has 6 DOFs, of which 4 are from
the arm and 2 are from the hand’s wrist joints. For validation
purpose, only the thumb, index finger, and middle finger are
considered.

Contact force sensing was critical in the experiment.
With tactile sensors unavailable, we utilized strain gauge
sensors to deduce the contact force at each fingertip. On the

(d) (f)

Fig. 6: Finger gaits on a kitchen knife. (a) Initial state with the
thumb and index finger placed on the handle. (b) Initial pivoting.
(c) Repositioning of the middle finger to the bottom side of the
handle and increasing its contact force. (d) Pivoting as the index
finger is removed. (e) Success removal of the index finger at the
knife’s new orientation. (f) Addition of the index finger to a different
location.

Shadow Hand, each joint corresponds to a pair of tendons
pulling the joint in two opposite directions, and only one
tendon is active at a time. We first determined the active
tendon via calculating the torque direction at the joint and
then converted its strain gauge reading from pulse width
modulation (PWM) units to an equivalent joint torque in Nm
using a calibration function. This function was obtained
by comparing measurements (as ground truth) from a 6-
axis force/torque sensor with hand strain gauge readings.
The contact position could be inferred from the pose of
the knife and the configuration of the robot. With the hand
configuration, finger joint torques, and contact point location,
the contact force could be derived using the hand’s static
equilibrium equation. The estimated force deviated less than
25% from the ground truth in terms of magnitude and less
than 30 degrees in terms of direction when the hand was in
slow motion.

Constrained by the robot programming interface, only po-
sition commands could be streamed to the Adept and Shadow
hand robot. We used an alternative admittance controller, in
which the resolved z coordinate of the grasping finger was
computed via

Zires — Zi,d + k;zl (fi,nd - fi,n + kpzi,e)

to mimic the behavior of the hybrid position/impedance
control in (14). The task space position commands were
transformed to the joint space by an iterative inverse Jacobian
solver.

We performed ten trials of the task with the initial pivoting
followed by one or two finger gaits for a kitchen knife and a
screwdriver, respectively, at different initial resting positions.
Fig. 6 and 7 each show two consecutive finger gaits. For the
kitchen knife, the robot successfully completed every initial
pivoting and first finger gait, though 20% of the experiments



Fig. 7: Finger gaits on a screwdriver. (a)-(b) Initial pivoting of the
knife with the thumb and index finger. (c) Addition of the middle
finger to the handle surface. (d)-(f) Full finger gait of the thumb,
consisting its removal, relocation, and addition. (g)-(i) Removal of
the index finger followed by lifting of the screw driver by the thumb
and middle finger.

Fig. 8: (a) Under position commands from the hand, the forces
acting on the handle cannot be precisely controlled. The middle
finger being added slipped on the handle due to excessive contact
force and pushes the knife away from the planned pose. (b) Without
pivoting, the two grasping fingers fail to balance the weight of the
screwdriver as the thumb is removed. The screwdriver inevitably
slips out of the control as result.

failed on the second finger gait due to vibration of the arm
(Shadow Hand’s weight exceeds the payload of the arm) and
the lack of visual feedback. Experiments on screwdriver also
achieved a 100% success rate on the initial pivoting and first
finger gait, and a 50% overall success rate on the second
finger gait.

We also found that finger gaits were much more likely to
fail if under position commands with no hybrid control or
pivoting involved. Two failure cases are shown in Fig. 8.

VIII. D1SCUSSION AND FUTURE WORK

This paper investigates the maneuvering of a hand tool by
an anthropomorphic hand with a novel approach that com-
bines pivoting with dynamic balancing to achieve stability

and mechanical simplicity. This is realized by planning not
only the tool trajectory but also the trajectories of finger
forces to stay consistent with dynamics and contact friction
constraints. These profile trajectories are then used by control
policies at the bottom level for implementation. At the top
level, a finger gait is concluded, with the contact force on
the gaiting finger gradually reduced to zero or increased to
a desired level. The redistributed contact forces on the other
fingers is simultaneously “absorbed” by the tool through
pivoting.

As the work deals with the execution of mostly one finger
gait, it needs to be extended to a sequence of finger gaits
that first achieves a grasp, whether precision or power, of
the tool and then uses the tool to accomplish an intended
task. This goal will require not only task planning at an
even higher level to decompose an execution into finger gaits
(and pivots) but also executions of more complex operations
such as palm alignment and finger wrapping. More general
gaits to include phalange under contact force modeling and
control will present a bigger challenge. In the future, a library
of executable gait sequences can be built for different hand
tools with inspirations drawn from maneuvers by the human
hand.
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