Robotic Manipulation of Hand Tools: The Case of Screwdriving
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Abstract— Despite decades of steady research progress, the
robotic hand is still far behind the human hand in terms of dex-
terity and versatility. A milestone in this quest for human-level
performance will be possessing the skills of manipulating hand
tools, for their non-trivial geometries and for the intricacies of
controlling their contact-based interactions with objects, which
are the final targets of manipulation. This paper investigates
screwdriving by a robotic arm/hand pair, dealing with the chain
of contacts connecting the substrate, screw, screwdriver, and
fingertips. Considering rolling contacts and finger gaits, our
force control scheme is derived through backward chaining
to leverage the dynamics of the screwdriver and arm/hand.
To maintain the fastening effort, estimations are carried out
sequentially for the screwdriver’s pose via optimization under
visual and kinematic constraints, and for its applied wrench on
the screw via solution drawing upon dynamics. This wrench,
adjusted based on position/force feedback, is mapped by the
grasp matrix to the desired fingertip forces, which are then
used for computing torques to be exerted by the arm and hand
to close the loop. Simulation and experiments with a Shadow
Hand have been conducted for validations.

I. INTRODUCTION

Robots with human-level dexterity have long been a dream
for the public and a goal for researchers. One of the most
convincing proofs would be their ability to manipulate hand
tools, which are designed for humans and have evolved for
day-to-day jobs since ancient times. Aside from technical
challenges that need to be overcome, possession of tool skills
will enable robots to not only assist people in a wide range
of activities — from household chores to medical operations
and even to space missions — but also interact with them
more closely and effectively.

As of today, robots often use specially designed and pre-
mounted tools, most of which are electrical (e.g., screwdriv-
ing systems [1], [2], [3]). A manual tool, if applied, usually
needs to be modified in advance (e.g., handle enlargement
for a wrench [4]). Further, the task environment often has to
be engineered in a way that bears little resemblance to the
home environment and impedes human-robot interactions.
The main obstacle lies in the lack of robust algorithms to
equip robots with for grasping and maneuvering tools in a
natural setting. Until today, robotic hands cannot reliably
pick up hand tools resting on a table, or any generally
positioned objects with moderate shape complexities for that
matter, not to mention eventually hold them in power grasps.

Robotic manipulation has been mostly concerned with
altering the state of an object in direct contact with a
robot. Hand tool manipulation bears the distinction that the
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manipulated tool is instead interacting with an object, which
is the intended target of manipulation. Namely, the object is
indirectly manipulated. This paper investigates manipulation
of such a tool, more specifically, a screwdriver, to tighten a
screw. In order to focus on the fastening operation, we make
three assumptions below:

1) The robotic hand has already achieved a dexterous grasp
on the screwdriver’s handle.

2) The screw has been premounted into a threaded hole.

3) The screwdriver’s tip is already engaged in contact with
the bottom of the screw’s drive.

The first assumption above relieves us from considering
grasp achievement, a challenge by itself as mentioned ear-
lier®. The second assumption is justified because premount-
ing a screw by the robotic hand would require a level
of finesse not reached today. As for the third assumption,
the first two authors recently presented a procedure for
mounting the screwdriver on the screw head via compliant
sliding and rotation realized under impedance and hybrid
position/admittance controls [6].

In our task, the screwdriver is manipulated by a robotic
hand driven by a robotic arm. With its tip in the screw’s
drive under Assumption 2, the screwdriver may pivot about
the tip’s bottom edge. The arm, hand, screwdriver, and screw
together form a kinematic chain with the last three connected
through contacts. We approach the problem in a manner
of backward chaining. First, the screwdriver keeps applying
some torque on the screw in order to drive it into the tapped
hole in the substrate. Just like screwdriving by the human
hand, the reaction force/torque on the screwdriver’s tip by
the substrate via the screw needs to be “felt” as feedback,
despite the absence of sensing at the tip contact. We can
leverage the screwdriver dynamics to solve for this force. The
solution requires knowledge about the screwdriver’s pose,
which is estimated using images taken by a camera and
contact constraints imposed by the fingertips (whose poses
are known from the hand kinematics) and the screwdriver’s
tip (which touches the bottom of the screw’s drive). Force
estimation also draws upon some primitive modeling of the
screw-substrate interaction.

A desired resultant wrench by the hand is in need for mul-
tiple purposes: to control the fastening speed, to exert proper
downward force, all in the axial direction, and to correct any
small deviation of the screw before jamming happens. Such
a wrench, derived via control, is then distributed over the
fingertips as contact forces via inverting a grasp matrix that
describes their placements on the handle. Changes in this

3Some recent effort [5] by the authors exploited the use of pivoting and
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Fig. 1: (a) Screwdriving by a Shadow Hand mounted on an WAM arm. (b) Architecture of the system of robotic screwdriving.

matrix are caused by rolling finger contacts on the handle,
as well as by finger gaits performed from time to time for
fastening to continue. To close the loop, the arm and hand are
controlled based on their dynamics to realize desired finger
contact forces, and finger gaits as investigated in [5].

Fig. 1(b) illustrates the architecture of the screwdriving
system. There are two estimation modules, for the pose of
the screwdriver and the torquing wrench on the screw, re-
spectively, and two control modules, to generate the resultant
wrench by the fingers on the screwdriver’s handle and the
torques to drive the arm and hand. Accompanying torque
control are finger rolling kinematics and gaiting strategies.
The estimation modules will be described in Section III and
the control modules in Section IV.

II. RELATED WORK

Robotic tool usage has been considered from the aspects
of tool recognition based on extraction of visual and motor
sensory data [7], [8], and of tool grasping and orienting
approached via mechanics-based planning [9], [8], [10] or
deep learning [11], [12], [13]. Demonstrations have been
conducted on tasks such as light bulb screwing [14], bolt
unscrewing [15], object twirling [16], drilling and pencil
drawing [17], bottle opening and plant watering [18], etc.
The level of exhibited dexterity, however, has been quite
primitive, in large part due to ignorance of friction and
compliance [19] and force control [20], [21], [22]. Hand tools
requiring moderate skills have not been considered so far.

Threaded fastening [23] is basic for manufacturing and
common in household maintenance. Past research investi-
gated modeling [24], [25], [26], analysis [27], and con-
trol [28], [29], [30]. Two threaded parts could be aligned un-
der visual guidance [31], [32] or based on force and position
data [33]. Fastening efforts were eased using special-purpose
end-effectors [34], [35], [36], or electric screwdrivers and
wrenches [30], [37].

The kinematics of spatial motion with point contact was
first studied in [38], and then separately derived as a system
of differential equations with a specialization to rolling [39].
Forward kinematics of a multifingered hand and contact

kinematics of rolling were combined to solve for the finger
motions necessary to achieve a desired object motion [40].
In [41], a control law enabled a multifingered hand to make
its grasped object track a given trajectory, by integrating
kinematics of rolling, hand dynamics, as well as force closure
under Coulomb friction. In [42], a robot leveraged rolling
to first move its contacts into a “stable region”, and then
drive them to the desired locations. Other control algorithms
based on rolling contact were developed for manipulation
with two arms [43], four spherical fingertips [44], deformable
fingertips [45], and of multiple objects [46].

The human hand applies finger gaits to adjust its grip,
impart a particular motion of the grasped object, and op-
erate a tool. The initial use of gaits by robotic fingers
for “twirling” [47] was followed mostly by theoretical
inquiries [48], [49], [50], [51], often under some strict
assumptions. A finger gait was described as a discrete-
continuous dynamic system [52], [53], [54], yielding gait
control strategies [55], [56], [57] that were either simulated
or experimentally demonstrated over simple shapes such as
spheres, blocks, and cylinders. Gait sequences were planned
by exploring various spaces of hybrid states [58], [59], for
special underactuated hands [60], or under strict assumptions
about simple shapes [61], [62].

III. SCREWDRIVER STATUS ESTIMATION

We place the world frame F,, at the
base of the robotic arm. The screwdriver
is a slotted one with a tool frame JF
attached at the center “p of its tip’s
bottom edge (treated as a line segment)*.
The frame’s z-axis is along the edge and
z-axis is aligned with the screwdriver’s
axis while pointing outward. See Fig. 2.

From our own screwdriving experi-
ence, the contact between the screw-
driver’s tip and the screw’s drive acts
most of the time like a hinge with one

Fig. 2: Tool frame
with 1-DOF about
its x-axis to repre-
sent tilting.

4From now on, a term with the superscript ¥ is expressed in the world
frame F,, and one with no superscript is expressed in the tool frame F.



DOF allowing the tip to tilt forward or backward. It is thus
reasonable for us to assume that the tip has restricted y-
axial rotation, and maintains the contacts with the two walls
of the screw’s drive. We propose contact-based estimation of
the screwdriver’s pose and dynamics-based estimation of the
reaction force/torque from the screw on the screwdriver.

A. Screwdriver Pose From Finger Contacts

In a dexterous manipulation task, pose estimation solely
relying on vision cannot provide the needed accuracy. Here
we propose a method that takes an estimated tool pose from
vision and polishes it under contact constraints imposed by
fingertips.

The screwdriver’s pose describes the tool frame F, whose
origin “p is in contact with the screw’s drive and close to its
center “p,. Note that we can estimate “p, quite well from
the initial position of the screw and the amount of rotation
by the screwdriver. Let » be the quaternion that describes the
orientation of F relative to the world frame F,,. The initial
estimate © of r is provided by vision. It is to be polished
through constrained maximization.

Since the screwdriver’s tip edge is in contact with the
bottom of the screw’s drive, we have the first constraint:

I[“p = “p,l| < e, (1)

where €; is some error tolerance. This constraint imposes
that the tip does not “slide” in the drive.

The next are three sets of constraints which ensure that
each finger contact “agrees with” the corresponding contact
on the handle in both location and geometry. Before describ-
ing the constraints, we need to introduce some notations. For
succinctness, the orientation of F in JF,, is now denoted by
a rotation matrix R. The handle’s surface is described by a
patch o in the tool frame F such that o (&;,7;), 1 <1i <k,
locates its contact point with the i-th fingertip. Let the point
“p, and matrix I; be the location and rotation of the ¢-
th fingertip’s body frame F; relative to F,,. (Both can be
calculated based on the forward kinematics of the arm and
hand.) The fingertip has its surface described by a patch o;
in F; such that o;(u;, v;) locates the same contact point with
the screwdriver’s handle.

The fingertip contact constraints are, for 1 < i < k,

[|(Ro(&iymi) +p) — (Rioi(uivi) + Pl < €1, (2)
[(R&e(&i,mi)) - (Rimvi(ui,vi))| < €2, (3)
[(R(&iymi)) - (Rimi(ug, )| < €2, (4)

where ¢ and &, are the unit vectors respectively along the
partial derivatives of o with respect to £ and 7, 1n; is the unit
normal at the contact on the i-th finger, and e, is the second
error tolerance. For the i-th finger, the constraint (2) states
that its contact point “coincides” with that on the handle,
and the constraints (3) and (4) state that the tangent planes
at the two points “coincide” with each other.

To respect the continuity of a rolling motion on the handle,
we require that each finger contact o (&;, ;) on the handle

does not move significantly from its position o(€; ,n; ) at
the previous time instant. This induces an extra constraint:

(& =&+ —n)* <es. (5)
Finally, the pose optimization problem is formulated as
max  |r- 7| (6)
p,r,
UL,V1 .-, Uk, Ve
§15M15--58k Mk

subject to the constraints (1)—(5). In the objective function,
the inner product is performed on the two quaternions r and
7 as 4-vectors®. The optimization can be solved using the
interior point optimizer (IPOPT) software [64]. This yields
a pose of the screwdriver that not only is close to its initial
estimate, but also satisfies all the kinematic constraints.

B. Wrench Passed Onto the Screwdriver From the Screw

To control the torquing wrench applied by the screwdriver
to the screw, we need to estimate the force/toque transmitted
from the substrate through the screw to the screwdriver tip.

Denote by v = (v',w')T the linear and angular ve-
locities of the tool frame F as expressed in itself. The
Newton-Euler equations governing the screwdriver dynamics

are expressed in F as

F,+F,=Mv+C )

T T
S7T

where F, = ( 1)T is the force/torque exerted by the
screw, and Fj, = (f;}, 7 )" is the resultant force/torque
applied on the screwdriver by the robotic hand. Let o be the
position of the screwdriver’s center of mass in F, and I be
its inertial tensor expressed in a frame at o with the same

orientation of F. The mass matrix M in (7) has the form

—mlo]x }

I — mo]«[o]«

ml3x3

M= [m[o]x

where the operator ||, generates an 3 x 3 antisymmetric
matrix that performs the cross product of the operand with
any 3-vector through left multiplication. The term

— m([w]xv + [w]x[w]xo — RTg)
©= [Mx(l — m[o]x[o]x )w + m[o]x ([w]xv — RTQ)]

contains the fictitious force and gravity terms. We can
estimate w by differentiating the pose of the screwdriver
obtained through optimization in Section III-A. The matrices
M and C can be evaluated. The resultant force/torque Fj, ex-
erted by the hand on the screwdriver is obtained by mapping
the contact forces “ f1,...," fi exerted (and sensed) by the
fingertips on the screwdriver’s handle, using the grasp matrix
G determined by the hand configuration. More specifically,
F, = diag[RT,RT)G("f,...,"f )T.

The system (7) of six equations is under-constrained be-
cause it has 6 unknowns in F; and 6 more in v. Let the linear
velocity v be (vy,v,,v.)", and the angular velocity w be
(wx, wy,w) . Since there is no sliding of the screwdriver’s
tip and the screw is fully constrained in the substrate, v, =

vy = 0. It follows from the screw motion that v, = %wz
and thus v, = %d}z, where p is the pitch of the screw. We

St uses the metric ®4 for quaternions defined in [63].



also have w, = 0 since the screwdriver’s rotation about its
y-axis is prohibited by the drive’s bottom as assumed earlier.

The torque T, by the screw has three components 7 ;,
Ts,y» and 7, . along the x-, y-, and z-axes of the tool frame
JF. Since the screwdriver can rotate about its x-axis, the
resistance torque about the axis is negligible, i.e., 75, = 0.
The relationship between the fastening torque and the screw’s
turning angle has been investigated and modeled in the
past [27], [65]. Excluding the initial mating and final over-
tightening phases, we can model 75, as a linear function
Ts,» = ks0, where k; is some stiffness coefficient, and 0 is
the screw’s total amount of axial rotation (estimated from
the rotation of the screwdriver).

Hence, a total of six force and acceleration variables are
known, which allows us to rewrite (7) as the following:

.
(FT,0, 75, ks0) T+ Fy, = M (o,o, %ww()w) +C.

Solving the above linear equation for fs, 7y, Wy, and w;,
we will use the obtained Fy = (f,,0,75,,ks0)" later for
control of the screwdriver.

IV. TORQUING BY ARM/HAND

The screwdriver is engaged in two types of contacts, with
the screw at its tip and the fingers on its handle. We employ
hybrid position/force control on the hand summarized by the
flow chart below:

® (10)
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The screwdriver’s pose “a (estimated in III-A) is differen-
tiated to obtain the tool velocity v. From them a position
control servo « is constructed. Using the wrench Fj (es-
timated in III-B) exerted by the screw, we derive a force
servo Fy. to regulate the the force between the screw and the
tool tip. From the two servos we can construct the desired
resultant wrench Fj,; by the hand on the tool via hybrid
control. The wrench under the grasp matrix is mapped to
the desired fingertip forces F;. Finally, the arm/hand torque
T is composed to realize the desired motion and wrench.

A. Desired Hand Wrench

Control of the screwdriver, conducted within the tool
frame F, aims at finding a desired wrench F}4 applied by
the hand. We utilize the dynamics of the screwdriver (7)
expressed in the tool frame F by replacing Fj with Fjq,
and F and v respectively with control servos F. and « (to
be determined shortly). This yields

F,.+ Fgy=Moa+C. (8)

While the “actual” dynamics of the screwdriver in (7) pro-
vides us an estimate of the force/torque exerted by the screw,
the “desired” dynamics of the screwdriver is described by (8)
and realized via error compensation.

Let v be the z-y-z Euler angles® of the rotation of F
from F,,, and T be a matrix that transforms the Euler
angle rates into the angular velocity in JF,,. The velocity
and angular velocity of F can be expressed in itself as v =
A%z, where Yz = (“p',~4")" and A = diag(R",R'T).
Differentiating this equation, we get v = AY&+ A¥d which,
under v, = v, = 0 and the screw motion, becomes

v=UR'TH+ A"z, 9)
where .
0 0 0 1 0 0
U=10 0 0 01 0
0 0 p/2r 0 0 1

To constrain the motion of the screwdriver’s tip, we apply
position control in the rotational directions and force control
in the translational directions. We let the desired angle of
screwdriver rotation be v4 = (0,0,wq(t)At + 0,9), where
wq(t) gives the desired fastening speed at time ¢, and 6,
is the screw’s initial amount of axial rotation. Denote by
Ye = ¥4 — -y the amount of rotation error, with -~ estimated
as in II-A. From (9) we construct a Proportional-Integral-
Differential (PID) position control servo

o =UR"T(Hq+ koYe + kpye + ki / ve dt) + A¥&, (10)

where the gains &, k,, and k; are properly selected.
Force control in the translational directions is realized by
setting F. in (8) as

F,, — {fd+kf [(fa— fs)dt} ,

Ts

(1)

where f; is some desired force of whose value is to be
discussed shortly, and Fy, = (f.,7,]) T are estimated in III-
B. Substituting (10) and (11) into (8), we obtain the desired
resultant force/torque F}4 that the hand needs to apply to
the screwdriver.

A few remarks to make here. First, the desired components
of fy along the tangential directions are set to O in order
to prevent excessive forces from causing the tip to slide.
Second, the desired force component along the z-axis is set
by experience. Third, we regulate the fastening speed by
applying position control over rotation about the z-axis. Last,
the shared objective of the position controls about the z- and
y-axes is to correct the tilting error of the screwdriver.

B. Forces by Rolling Fingertips

Point contacts exist between the fingers and the handle.
As long as the force at each finger contact lies within its
friction cone, the finger will generally roll on the handle, for
which the kinematics has been studied in the past [38], [41].

Denote c¢; as the contact position on the i-th fingertip
expressed in its body frame F;, and ¢} as the point coinciding
with ¢; on the screwdriver, expressed in the tool frame JF.
Since the finger rolls on the handle without slipping, the
points ¢; and ¢} must have the same velocity. Further, the
unit normals 72; and 7} at these two points on the respective

%Here, the Euler angles are used instead of the quaternion q or rotation
matrix R to avoid redundancy.



surfaces o; and o must be opposite to each other. These
constraints are precisely formulated below, for 1 < i < k,

wp + RC; = wpi + RiCi, (12)
Yp+ R(w x ) ="p; + Ri(w; x ¢;), (13)
Rn; = —Rin,, (14)

where “p and “p, were introduced earlier as the locations of
the frames F and F; in the world frame, and w; is the angular
velocity of F; described in itself. Differentiating (12) with
respect to time and subtracting (13) from the result, we get
Ré} = R;¢é;. With the same surface parameterizations used
in III-A, we have ¢; = o;(u;,v;) and ¢; = o(§;,n;). This
allows us to rewrite R¢’ = R;¢; using the partial derivatives
of ¢; and ¢ with respect to their surface parameters u; =
(ui,v;) " and & = (&;,7;) 7. Combine the rewritten equation
with the one from differentiating (14) with respect to time:

gt —Rige| [w] _[ o 0 w
o RGm | (& [Ri]x R [Ritvi]x Ri| |wi|

During rolling, the contact points on both surfaces are
updated by integrating w,; and £;, which are solved from
the above equation, for 1 < ¢ < k. These updated contacts,
together with the estimated screwdriver pose, trigger an
update of the grasp matrix G, through which we obtain the
desired fingertip forces on the screwdriver as

v Fy = Gldiag[R, R Fj,q. (15)

In the above, G' is the pseudo-inverse of G, and YF; =
(“fig. ., “fry) T contains the desired contact forces in
F for generating the resultant wrench Fj4 on the tool.

C. Dynamics-Based Force Control

Control of the fingers aims at applying an appropriate
force at each contact to realize “F} so rolling continues.
The control is conducted in the world frame . In order to
keep the contact force of each finger inside its friction cone,
we need to add an internal force in the null space of the
grasp matrix G. The desired contact forces are modified as

YN ="F,+ (I - GTG)" Fy, (16)

where in the second summand, a vector “ Fj is projected
to the null space of the grasp matrix. Addition of this term,
with a proper choice of ™ Fp, can bring the contact forces
inside their friction cones without changing the resultant
force/torque on the screwdriver.

The velocities of all the contact frames are stacked as one
vector and described in the world frame as “V = G'T Rv.
Let g be the vector consisting of the n joint angles of
the arm-hand robot. For the i-th finger in contact, we have
v; = J;q, where J; is the 3xn linear Jacobian matrix at
the contact. Stacking such equations of all contacts, we have
vV = Jgwhere J = (J,...,J;]) . Hence, J¢ = G Rv.
Differentiating this equation with respect to time, we obtain
the joint acceleration as

G=J'G"Rv+J'GTRv+ J'GTRv — JTJq. (17)

Fig. 3: Top view of the finger gaits to reset the hand configuration
for recurrent screwdriving: (a) rolling of the thumb (TH) and the
middle finger (MF) on the screwdriver for torquing; (b) addition of
the index finger (IF) and the ring finger (RF) onto the screwdriver;
(c) detaching of the TH and MF; (d) relocation of the TH and MF.

We have the dynamics of the robot in the world frame as

T=MG+Crg+N +J "F, (18)

where M, is the mass matrix, C,. contains the Coriolis and
centrifugal term, IN is the gravity term, and “F' is the
stacked contact forces “ f1,...," fi exerted and also sensed
by the fingertips on the screwdriver’s handle. We obtain a
hybrid controller in the following two steps:

« To realize position control of the screwdriver, we replace
v in (17) with the servo ¢ in (10) that regulates the pose
of the tool, and plug the resultant g into (18).

« To realize force control, we replace “F' in (18) with
WF) + ky [ F.dt, where “F is given in (16), and
WF, = “F) — "“Fg is the force errors between “F
and the fingertip force readings “ Fs.

The movements of the fingertips follow the contact posi-
tions on the handle under (17). Since we have no constraint
over the orientation of a contact frame, each fingertip rotates
to produce a rolling motion on the handle. The locations of
the finger contacts need to be updated at each time instance
via rolling kinematics.

D. Finger Gaiting

We let the thumb (TH) and middle finger (MF) perform
the fastening task. Whenever a finger joint reaches its limit
or the contact on a fingertip reaches the boundary of its
tip surface, both TH and MF are relocated properly for the
next round of screwdriving via finger gaits (see Fig. 3).
Before either of them breaks contact, the index finger (IF)
and ring finger (RF) are added on the screwdriver’s handle
to keep it in balance. Fig. 3(b) illustrates the additions of
the IF and RF. An inverse kinematics problem is solved
under the constraints that FF and MF are in contact with
the handle, while the contact positions and normals on the
hold fingers TH and MF do not change. The constraints for
other relocating operations are established similarly.

To perform finger gaits, we use the same hybrid posi-
tion/impedance control from our previous work [5] with
some modifications. When the TH and MF are relocating
themselves, the IF and RF are allowed to roll on the handle,
which saves some DOFs needed by the operation.

V. SIMULATION AND EXPERIMENT

We validate our approach via simulation and experiments
with a Shadow Dexterous Hand mounted on the elbow of a
Barrett 4-DOF WAM Arm.



Fig. 4: (a) The screwdriver is held by the thumb and the middle
finger initially. (b) The two fingers increase contact forces (repre-
sented by arrows to indicate directions as well as magnitudes). (c)
The screwdriver is rotated.

A. Dynamics-Based Simulation

The simulation is conducted on the platform MuJoCo with
the screwdriver designated as a free object. MuJoCo cannot
simulate the complex interactions between the screw and the
substrate. We get around this limitation by allowing the screw
to rotate about its axis, while fixing the other five DOFs.
A stiffness is assigned so the resistance torque increases
as the screw rotates, which requires the fastening torque to
increase as in a real screwdriving scenario. The pose of the
screwdriver is read from the the simulator, with some random
noise added to mimic realistic visual feedback. Then it is
refined using the optimization in III-A. The force at each
fingertip is also read from the the simulator to model force
sensing. Fig. 4 illustrates a successful fastening maneuvered
by the thumb and middle finger.

B. Experiment

The setup is shown in
Fig. 1(a). To obtain an initial
pose estimate of the screw-
driver, we put ArUco mark-
ers [66] on its handle as shown
in Fig. 5(a). An image frame
was captured by an Azure
Kinect camera, and processed
using the OpenCV library to
estimate the marker’s pose in
the camera’s coordinate sys-
tem. The result was then transformed into the screwdriver’s
pose in F,,. The data from one time instant during a trial
were visualized using MuJoCo in Fig. 5(b). The initial
pose estimate (red) from vision deviated from the real one
shown in (a) but was improved to an estimate (blue) via
the pose optimization (6). Since the Shadow Hand was not
equipped with tactile sensors, we employed a procedure from
our previous work [5] to estimate the contact forces. A
calibration function was used to map the hand’s strain gauge
readings to the joint torques, which were fed to forward
dynamics for estimating the contact forces on fingertips’.

The programming interface of the Shadow Hand ac-
cepts position commands only. Accordingly, we adapted our
dynamics-based controller to generate equivalent position
commands in four steps. First, we obtained the desired
fingertip contact positions X, by integrating « in (10)
twice, and mapping the result to the contact positions in the

(b)) =ia

Fig. 5: (a) Experiment image.
(b) Initial (red) and refined
(blue) pose estimates of the
screwdriver in (a).

"The estimation deviated < 25% in magnitude and < 30° in direction.

Fig. 6: The screwdriver handle is grasped by the TH and MF in (a),
and then the IF and RF are added in (b). The first pair is removed
in (c) and then relocated in (d). The second pair is then removed
and, after the first pair has performed some screwdriving in (e),
added back in (f) for the next round. (g) Before and (h) after three
rounds of finger rolling and gaiting.

world frame. Note that *’ X, follows the screwdriver’s error-
compensated motion without applying force. Second, we
computed the desired contact forces ' F using (16). Third,
we obtained the desired contact positions as Y X, = “ X4+
kn Fj with k,,, being some compliance, which allows their
desired positions to penetrate into the handle’s surface along
the directions of * F;. Finally, X, was mapped to the joint
space by an iterative inverse Jacobian solver.

Fig. 6 shows a sequence of maneuvers, which took about
20 seconds. Twenty trials were conducted with seventeen
exceeding five rounds of finger rolling and gaiting. Actions
broke when the screwdriver’s handle slipped off the fingers
or its tip slid out of the screw’s drive. The causes were often
errors in contact updates during finger gaits. Other factors,
such as errors in contact force estimates and vibrations of
the Shadow Hand, could have also played a part.

VI. DISCUSSION AND FUTURE WORK

The described approach to the complex action of screw-
driving by hand integrates estimation, contact modeling,
rolling, finger gaiting, grasping, dynamics (of both the tool
and robot), and controls (position, force, and impedance). It
can be adapted to other types of screwdrivers (e.g., a Phillips
screwdriver) with different handle shapes.

Immediate next steps include stability analysis for the
control strategies, improved estimation of the tool-fastener
interaction force, robustness of real performance, and failure
recovery. Later we will look at generalizing the approach to
manipulation of other hand tools such as wrenches, pliers,
and hammers. The next stage will be to further the study
of tool grasping in natural settings and to integrate the
findings with skills of tool maneuvering from the undergoing
research, such that the robotic hand will have the ability to
operate and switch between multiple tools for accomplishing
a series of tasks.
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