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Abstract— The robotic hand is still no match for the human
hand on many skills. Manipulation of hand tools, which usually
requires sophisticated finger movements and fine controls, not
only poses a clear technical challenge but also carries a great
potential for enabling the robot to assist humans in a wide range
of tasks accomplishable using tools. This paper takes a first step
to investigate how a robotic arm mounts a rigidly attached
screwdriver onto a screw (pre-mounted in a tapped hole) and
then tightens it using the tool. Mounting begins with sliding the
screwdriver tip on the screw head along preplanned paths to
search for the drive and follows with rotating the screwdriver
to drop the tip into the drive. Prevention of a slip off the screw
head is achieved via impedance control to install a “virtual
fence” along its boundary. Turning of the screw is conducted
via hybrid position/admittance control based on modeling the
reaction force between the screw and the substrate. Simulation
results with a KUKA Arm demonstrate the smoothness of the
entire action.

I. INTRODUCTION

Decades of research have made significant progress in
robotic grasping [1] and dexterous manipulation [2], [3].
The skill level of robotic hands today is still limited in that
many fine manipulation tasks are still beyond their reach.
Such a hand is most likely intended for work or assistance
in the human environment, where everyday tasks are often
configured to be solved using hand tools. Tool usage not
only tests the hand’s dexterity and versatility but also serves
as a milestone for the achievement of human-level dexterity.
It has great potentials in home automation, where the robot
can take over many chores, elderly assistance, where health
care costs can become more affordable, and medical robotics,
where robotic hands capable of maneuvering medical tools
can reduce fatigue of doctors and nurses and improve the
chance of success in an operation.

Robotic tool usage has been investigated for its different
phases from tool recognition [4], [5] to tool grasping and
orientation [6], [7], [8], [9], [10]. Despite demonstrations
on tasks such as bolt unscrewing [11], drilling [12], plant
watering [13], etc., the level of exhibited dexterity has
been primitive due to ignorance of friction, compliance, and
control. Furthermore, hand tools have been mostly excluded
because they require maneuver skills.

Our attention on tool usage turns to fastening [14], which
encompasses a broad class of tasks where fasteners such as
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screws, bolts, and nuts are used to hold objects together under
torquing actions applied by tools such as screwdrivers and
wrenches. Fastening is fundamental to industrial assembly
and common in household tasks. Power tools such as electric
screwdrivers and impact wrenches are fast and suitable for
high volume industrial productions. They are, however, also
bulky (unable to reach a fastener within a very small space),
limited (not to be used in the vicinity of conductive matter
such as water), and in need of a setup.

In this paper, we investigate the task of screw driving by
a robotic arm using a hand screwdriver with a focus on
two maneuvers: insertion of the
screwdriver tip into the drive of a
screw and torquing of the screw to
tightness. This preliminary investi-
gation assumes that the screwdriver
is rigidly mounted on the arm and
the screw is pre-mounted (but not
tightened) into a substrate as shown
in Fig. 1. Alignment of two threaded
parts before fastening has been inves-
tigated based on vision [15], [16] or
force and position feedback [17].

Insertion of the screwdriver tip can be viewed as a gener-
alized version of the well-studied peg-in-hole problem [18],
[19], [20], [21], [22]. Existing results, primarily concerning
cylindrical pegs and holes, are not easily adaptable to other
shapes. In Section II, we present a strategy that first searches
for the drive by moving the tip on the screw head under
hybrid control [23] in at most four passes. A virtual wall
is installed around the head’s boundary under impedance
control [24] to prevent the tip from sliding off the boundary.
As soon as the drive is encountered by the sliding tip, the
screwdriver is first rotated compliantly against one of its
edges until the tip is tangent to the edge, which then initiates
a downward movement that will end with the tip in contact
with the drive’s bottom. A second rotation then aligns the
tip’s edge with the bottom and a third rotation stabilizes the
tip inside the drive to get the screwdriver ready for torquing.

The action of fastening has been investigated on modeling
or analysis of the fastener-substrate interactions [25], [26],
[27], [28], [29] and control of the fastener’s motion [30],
[31], [32], [33]. Section III studies arm control to perform
screw driving through contacts at the screwdriver tip and
between the threads of the screw and the hole in the substrate.

Fig. 1: Task setup.
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Contact force at the tip is measured by a force/torque
sensor connecting the arm’s end-effector and the screwdriver.
Contact force between threads can be estimated based on the
analysis in [26] and from the current pose of the screwdriver.
We describe a hybrid strategy that conducts position/force
control along the axial direction to drive the screw forward,
and admittance control in the four other directions to keep
the screwdriver and screw from deviating too much from
the hole’s axis. Section IV shows simulation results on the
platform MuJoCo with a KUKA Arm. Section V summarizes
the paper with a discussion over future direction.

The contributions of this paper include: 1) a reliable con-
trol strategy for tip insertion based on the force/torque feed-
back; 2) an interaction model that computes the force/torque
due to the screw’s penetration into the substrate in linear
time; and 3) a hybrid controller for screw driving that inte-
grates position, force, admittance, and null space controls.

II. SCREWDRIVER MOUNTING ONTO SCREW

Pickups of the screwdriver/screw and pre-mounting of the
latter by a robotic hand require complicated finger actions
and dealing of issues such as cross threading and jamming,
all of which are beyond the paper’s scope.

We assume that a screw has been pre-mounted into a
threaded hole and is waiting to be tightened by a screwdriver
(see 1). The first step is to mount the screwdriver tip inside
the screw’s drive. Suppose we have a robotic arm with n de-
grees of freedom (DOFs). Its end-effector and a screwdriver
are rigidly joined together by a 6-DOF force/torque sensor.
To operate the screwdriver, n > 6 must hold. The following
assumptions are made:

o The screw remains stable inside the hole.

o Its pose is approximately known.

o Its drive has unknown orientation.

Vision is of limited utility for controlling force in contact-
based tasks, and is prone to occlusion'. The robotic arm’s
control inaccuracy further increases the difficulty in operating
the screwdriver in such a confined space. Nevertheless, com-
pliance between the screwdriver and the screw can be utilized
to carry out the operation with force sensing available.

The action of mounting the screwdriver onto the screw
drive is divided into three steps as shown in Fig. 2: (a)—
(b) establishing the contact between the screw and the
screwdriver, (b)—(c) searching for the screw drive, and (c)—(d)
rotating the screwdriver to insert the tip.

A. Touchdown onto the Screw

First, the tip moves down to touch the screw head’s center,
whose position is estimated beforehand with some error.
During the movement, the screwdriver is tilted about its body
y-axis (perpendicular to the shaft plane) for a small angle n
(see Fig. 2a). This leads to a point contact with the screw
head as shown in Fig. 2b.

Ifor a standard slotted machine screw, the diameter of the head ranges
from 1 to 25 mm, while the width of the drive ranges from 0.6 to 2.7 mm.
The range of noise for a depth-sensing camera can vary from +1 to £5
cm at a distance of +1 m.
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Fig. 2: Four snapshots of tip insertion into the drive: (a) initial
configuration, where 7 is a small tilting angle of the screwdriver;
(b) contact establishment at the tip point ¢ and drive search; (c) tip
point in the drive; and (d) the screwdriver shank in contact with the
drive’s two walls.

Denote 6 as the vector of n joint angles, T as the vector of
joint torque, and p, = (fz, fy, f2 Tas Tys T=) | as the wrench
vector exerted at a reference point a on the arm’s end-effector
(see Fig. 1). p, is read by the sensor after compensating
the gravitational effects of the sensor and the screwdriver.
The arm’s dynamics is described in the joint space as T =
M(0)0+C(6,0)0+N(0)—J, pa, where M () is the mass
matrix including the screwdriver and F/T sensor, C'(0,6) is
the Coriolis and centrifugal term, N (@) is the gravity term,
and J, is the 6 x n Jacobian matrix at the point a.

We define the state variable as © = (z,y,2,a,3,7)"
in the task space, where (x,y, z) represents the position of
the tip point ¢ (see Fig. 2b), and («,f3,7) are the z-y-x
Euler angles to describe the screwdriver’s orientation. We
have & = J.0 for some Jacobian J.. Differentiating this
velocity equation and substituting it into the arm dynamics
in the joint space, we have the dynamics in the task space
as T = MJi&+ N.—J p,, where J! is the pseudoinverse
of J, and N. = —M.J!J.0 +C6 + N.

1) Descending onto the Screw: The tip translates along a
desired trajectory x4(t) € R® until it establishes contact with
the head. With a rough estimation of the screw’s position,
we can set the destination to be slightly below the plane
of the head. Let x. = x5 — x be the pose error. We
apply the following proportional-integral-differential (PID)
position controller in the world frame {w}

T = MJj(a'éd+kv:i:e+kp:ce+ki/:cedt)+Nc—Jana. (1)

It is easy to verify that the resulting error dynamics has
asymptotic error convergence.

2) Contact Softening: When the tip contacts the head,
the F/T sensor readings will increase suddenly because of
the impact. To soften it, we switch from position control
to impedance control in the contact normal direction.The
body frame s of the screw is affixed to the center of the
screw tip, with its z-axis aligned with the screw axis that
extends towards the head, and its z-axis arbitrarily chosen.
Denote [x]; as the i-th component of the vector x. The
control objective is to allow the arm’s behavior in the screw’s
axial direction to mimic that of a system with mass m,,
stiffness kg, and damping k4. This target compliant behavior
is described as

mo[sie]ii + kd[sfbe]?) + kg [Swe]B = _[Spa}?n 2
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Fig. 3: Search for the drive: (a) sliding paths /; and [ for the tip;
(b) tip sliding on the head along m to reach an edge. The moving
direction agrees with the tip’s tilting direction.

where [*x.]3 = [*x,]s — [*x]s represents the z-directional
position displacement of the frame {s}, and [*x,]5 is the
equilibrium position of [*x|3 in the absence of the normal
force [*p,)s. Here, [*x,]3 is set to be slightly below the
head’s plane to maintain the contact throughout the process.

Under the assumption that the screw is not moving, we
have & = RT*%, where R = diag(R, R) with R being the
rotation matrix from the world frame to {s}. Substituting
this into the arm dynamics, we represent the dynamics in
the screw frame:

T=MJR" &+ N.—J R p,. 3)

For the other components of & (except [*E]3), we apply
similar position control as in (1), except that now all the
variables are in the screw frame {s}. We get a hybrid
position-impedance controller for softening the contact by
plugging the PID servo from (1) into (3), and replacing [*E]3
with [*&,)3 + (kq[*Ec]3 + ks[*@e]s + [*pal3)/mo from (2).

B. Searching for the Screw Drive

In a most likely scenario, the tip point ¢ does not go inside
the screw’s drive directly when it lands on the head. Our next
step is to search for the drive by sliding the tip on the surface
of the head. Here we describe a search strategy® that uses
two orthogonal sliding paths on the head.

1) Drive Search: We let the tilted tip slide on the head
while maintaining a stable normal force. When the tip
reaches an edge of either the drive or the head’s boundary,
a sudden change in the force between the tip and the head
is captured by the sensor because of the sudden change in
the frictional force (see Fig. 3b). The choice of the tilting
angle, n, depends on the sensitivity of the sensors.

Let p be the initial contact point of the tip and the head,
and [ be the line that is parallel to the projection of the tip’s
bottom edge onto the head’s plane. The line [ is in the same
plane but perpendicular to /; at p. As shown in Fig. 3a, I3
intersects the head boundary at p; in the direction that the
tip tilts to, and the two lines intersect the boundary at four
points (p1, pe2, p3 and py) in the counterclockwise order.

The tip first slides along m until it encounters the drive or
reaches the head’s boundary. If no drive is discovered, the tip
reverses its sliding direction along /1, and moves back to p. It

2The initial idea was conceived by Shengwen Xie.

then rotates counterclockwise through 7/2 to align the tilting
direction with pp3, followed by a tip sliding in the same
direction. In the worst case, the drive search is performed in
four directions as m , 1@, 1%), and m, sequentially.

Sliding is carried out under hybrid position/force control
in the screw frame {s}, which uses the dynamics from (3).
We use PID control over the pose of the screwdriver with a
replacement of [*&]; = 0, which is ensured because the tip
is moving on the surface of the head. Force control in the z-
direction is realized by replacing the normal force component
of *p, in (3) with a servo fy+k; [ fedt, where fo = fa—f.
with f; being some desired force and f, being the actual
normal force detected by the sensor.

2) Prevention of Sliding off the Screw Head: Tip sliding
ends in one of two situations: i) it reaches one of the straight
edges bounding the drive; and ii) it reaches the circular
boundary of the head (see Fig. 3b). In both situations, the
contact will experience a sudden change to be captured by
the F/T sensor at the end-effector.

When an edge e is encountered, it is important to stabilize
the tip (and the screwdriver) instantly. At the instant, the
contact between the tip point and the head immediately
switches to one between the edge e and the tip’s bottom edge.
This allows time to stop the tip’s movement and prevent the
tip from sliding off the edge.

Control is done in the frame {c} attached to the screw
at its boundary intersection with the tip edge (see Fig. 3b),
such that its z- and z-axes are aligned with the tip edge and
the screwdriver axis, respectively. The arm dynamics in this
frame is similar to (3) with the replacements of the frame
superscripts {s} by {c}. We use impedance control to stop
the sliding by implementing the compliant behavior in (2)
with the translational components (i.e., z, y, and z) of “x,
as if a virtual wall is installed along the edge e. Meanwhile,
the screwdriver’s orientation, represented by the Euler angles,
is placed under position control.

3) Edge Discrimination: We cannot distinguish a drive
edge from the head boundary by the change in force solely,
because the relative orientation between the tip and the screw
is unknown. Therefore, a simple test is conducted by letting
the tip continue to slide along its bottom edge (see Fig. 3b). If
it has encountered a drive edge, there will be a second change
in the force direction when the tip contacts the opposite edge
of the drive. If there is no such change within a distance of
0 (determined by its tilting angle and the drive width), the
tip has reached the head’s boundary.

To realize the above movement, we can switch the
impedance control in the z-direction of the frame {c} to po-
sition control with a desired constant velocity. The remaining
five directions are placed under the same control applied to
stabilize the tip at an edge during the drive search earlier.

C. Tip Insertion

Once the tip is inside the drive with contacts established
at both edges of the drive, it needs to be fully inserted before
fastening. We carry out this insertion in a sequence of three
rotations to be described below.
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Fig. 4: Tip insertion: (a) rotation about an axis that is perpendicular
to the head while maintaining the two contact points c¢; and cz; (b)
disappearance of the contact at ¢; causing a fall of the tip inside
the drive; (c) rotation to align the axis of the screwdriver with that
of the screw; (d) rotation about the screwdriver’s axis to reach the
configuration before torquing.

First, the screwdriver rotates about an axis that is perpen-
dicular to the screw head and passes through the tip point.
The control is performed in an instantaneous frame {d}
at the current tip point and in the same orientation as
the screwdriver (see Fig. 4a). Meanwhile, it maintains two
contacts, ¢; and ¢y, with the two drive edges. We use simple
PID servos for controlling the orientation of the screwdriver.
In the x-direction, we still employ impedance control, except
that now the equilibrium point is set on the z-axis slightly
into the drive edge in order to maintain the contact at cp
with a small force F5. In the z-direction, a constant force
Fy is maintained at ¢; such that |Fy| > |Fs|. When the
contact at c; disappears during the rotation, a change of
force can be detected by the sensor, showing that the entire
tip is inside the drive. At this moment, the frictional force at
co will be unable to counter the force applied by the robot
in the z-direction. Consequently, the tip will drop into the
drive (Fig. 4b), generating an impact that can be softened
via impedance control in the screw’s axial direction.

After the drop, the tip may not be centered in the drive.
So, we let the tip slide inside the drive in one direction until
it detects the boundary of the head (as described in the drive
search). Subsequently, the tip can be centered in the drive by
utilizing the drive boundary and the diameter of the screw
head. Now, a second rotation of the screwdriver is performed
until its axis aligns parallel to the screw axis (see Fig. 4c),
along which a constant contact force is maintained. An axial
rotation is then performed until a torque is sensed in the axial
direction. At this point, the screwdriver is well-positioned
and ready to drive the screw.

ITII. SCREW DRIVING

The next step is to control the mounted screwdriver to
drive the screw. Enough friction can be generated to prevent
the screwdriver tip from sliding in the drive, by exerting a
moment in the screw’s axial direction via the screwdriver.

A. Modeling Force/Torque on the Screw from the Substrate

To conduct simulation, we need an interaction model
between the screw and the threaded hole. This comes down
to computation of the force and torque received by the screw
due to its penetration into the hole. Such modeling is also
necessary in the future work, where the screwdriver is held

(a) (b (©)

Fig. 5: Modeling the screw-hole interaction: (a) a cross section
within a plane through the screw axis; (b) triangular element
AR,CRy in the cross section of the screw; and (c) its penetration
into a cross section of the hole represented by the red polyline.

by a robotic hand and the dynamics of the screwdriver is
considered separately.

Consider the screw thread as the trajectory of a trian-
gular element (see Fig. 5b) rotating and translating along
the screw axis simultaneously. The three vertices of this
triangle move along separate helices: the crest curve ¢(¢) =

(cl coS ¢, —c1 sin @, %p) , and the upper/lower root curves

T
ry(0) = (02 cos ¢, —Ca sin ¢, %p + ’2’? , Where ¢ gives
the amount of the rotation along the helix, ¢; is the major
radius (distance from the crest to the screw/hole axis), co is
the minor radius (distance from the root), and p denotes the
pitch.

Let {s} be the screw frame as introduced in II-A.2, except
that now, with the drive orientation known from forward
kinematics, its x-axis points to the starting point of the
thread. We set the hole frame {h} at the center of the
hole’s plane, with its z-axis pointing into the hole, and x-
axis similarly defined as for {s}. We can easily calculate the
coordinates of the three points in each thread element from
the above helix functions for both frames.

Figure S5c illustrates the thread engagement between the
screw and the hole in the plane through the screw axis as
determined by the angle ¢. We can calculate all the vertices
on the hole’s thread within the cross section by plugging
¢+2im (i = 0,1,2,---) into the functions c(¢) and 7, /;(¢).
Because of the slight tilting of the screw, the plane containing
the axial cross section at ¢ of the screw may not coincide
with the hole’s plane at the same angle. However, this error
is small enough to be ignored. We use the same functions
to get the vertices on the screw threads, and transform the
coordinates in {s} into {h} by their relative pose.

As shown in Fig. 5c, the intersections of the screw thread
and the hole thread in the same plane appear at most once
between the vertices. Therefore, with all the vertices known,
we can do a plane sweep [36] to calculate the penetration
area efficiently. As we walk along the vertices on both
threads from top to bottom, it is easy to check if the
screw penetrates into the wall or not at each vertex v; by
comparing it with the point on the other thread at the same
height (Fig. 5¢). This check is discussed in detail in [35].
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Between two adjacent vertices, three cases may arise: i)
the screw penetrates into the wall at v; but not at v;4,
which indicates an intersection happening in between; ii)
the screw penetrates at v; but not at v;1;, which suggests
the end of the intersection; and iii) both v; and v;y; have
the same condition, which implies that there is no change of
the intersection status. With all the vertices of the penetration
region €2 known, we can calculate its area A trivially. This
allows us to estimate the force based on the area using a
simple spring model F' = kA, where k is a stiffness constant,
and apply the force at the center of 2 in a direction normal
to its upper or bottom edge (depending on the center of 2).
With all the normal forces determined along the threads, the
frictional forces and the torques can be determined. Finally,
we integrate all the forces and torques for all cross sections
over ¢ = [0,2m) to get the force and torque exerted on the
screw by the threads in the hole. This computation can be
done in linear time regarding the number of threads engaged
between the screw and the hole.

B. Hybrid Control for Torquing

The screw moves a distance of Ad = (p x Af)/27 along
the hole’s axis, where Af is the amount of the screw’s
rotation about the hole’s axis. This implies a redundancy
in the state variable x. Differentiating the equation above
and representing it in terms of the state variable x, we get
["&]s = Z["w]s where "w € R3 is the angular velocity
of the screw in the hole frame {h}. Denote a new state
variable as ¢ = ["z,"y,"a,","y]T. Here, "2 and "y give
the tangential displacements between the centers of the head
and the hole in the frame {h}, and ("a,”3,"y) are the z-
y-x Euler angles of the screw frame {s} relative to the hole

frame {h}. From the relationship between ["a]3 and ["w]s,
we get the screw’s velocity as
100 0 O
01 00 0
n. 10 0 0 0 p/2r| | O]
"“loo10 o0]lo s @
0001 0

00 00 1

where S is a matrix that transforms Euler angle rates to
the angular velocity. We let ¥ and 7' denote the first two
matrices on the right hand side of the above equation. It
follows from the arm kinematics that "v = J, 0, where "v =
["v,, "0, ] T gives the translational and angular velocities in
the frame {h}, and J, is a Jacobian matrix. From (4),
we obtain { = T~ 'X1J,0. Differentiating this equation,
and substituting the result into the arm dynamics in the
frame {h}, we get the dynamics expressed in the task
coordinates (.

For the rotation about the hole’s axis, we simply use
position control to track a desired trajectory specified by the
rotation angle as a function of time, say 6(t) = [wg]3t, where
wgq = [0,0,6]" is the desired angular velocity. For transla-
tional and rotational movements in the tangential directions
(i.e., four directions represented by "p = ["x, "y, "a, " 3] T),

we use the modeled force/torque components to keep the
screw axis from any sizable deviation from the hole’s. This
is realized via admittance control to make the robot yield
to the force/torque with a movement in each corresponding
direction. The target compliant behavior is M, ("pg —"p) +
Kq("pa — "p) + Ks("pg — "p) = —"f, where " f is the
combined force and torque in the tangential directions of p,.
From the above equation, we solve for hﬁd. The desired tra-
jectories "p, and "py, obtained through integration of "3,
are then used for position control in the task space within
the frame {h}.

Besides the control over the state variable ¢, we also need
to maintain a force in the axial direction of the hole to prevent
the tip from slipping out of the drive or the screw’s threads
from being damaged.

C. Joint Limit Prevention via Null Space Control

The process of screw driving (tip insertion as well) in-
volves large amount of rotations that may exceed the reach
of a robotic arm. Although a 6-DOF arm sufficient for the
task, the range of the screw positions it can operate on may
be very constrained. This limitation can be alleviated if extra
degrees of freedom is available. In such cases, null space
control can shift the load between joints, thereby reducing
the chance of a joint limit being exceeded.

The null space of the Jacobian J, at the end-effector
characterizes all the joint motions that have no effect on the
screw driving task (as the screwdriver is rigidly attached).
An artificial potential field function [34] ca2n be constructed
as V(0) =k, ([O]i — %) , where 0 is the
vector of joint angles, @, and 6y, represent the lower
and upper joint limits, respectively. We can add an extra
term 7o = —(I,, — JIJ,)VV () to our controller. It will
guide the joint movement in the null space of J, with the
tendency to minimize V'(0), which helps to keep every joint
angle [@]; in the middle of its range.

IV. SIMULATION

The simulations are conducted on the platform MuJoCo
with a 7-DOF KUKA LBR iiwa robot. The setup® is shown
in Fig. 6a. This section first presents a successful execution
of screwdriver mounting and screw driving, and then sum-
marizes over all executions.

A. Sequential Executions of Mounting and Torquing

Mounting starts with the screwdriver moving down to
establish a point-surface contact with the head (Fig. 6b).
Then (b)—(g) show a drive search as described in II-B.1,
while keeping the normal force of the contact frame within
1 4+ 0.03 N. Fig. 7 shows the insertion of the tip. During
the first rotation in (a)—(b) , the employed hybrid controller

3The screw parameters include: 1) pitch p = 1.30 mm; 2) drive width
w = 2.00 mm; 3) major radius ¢; = 0.50 mm; and 4) minor radius
co = 0.38 mm. The hole parameters are scaled according to the screw’s
with 1.07. The control parameters include: 1) K, = 400, K, = 35,
K; = 500 (position control); 2) k; = 0.5 (force control); 3) m, = 10,
kq = 200, ks = 50 (impedance control); and 4) M, = 10, K4 = 4000,
Ks = 100 (admittance control).
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Fig. 6: Search for the screw drive: (a) simulation setup; (b)
touchdown to the head with a tip tilting angle of 7/10; (c) end of the
search along the line /; (red) at the boundary with a force direction
change in 0.2115 rad detected by the sensor; (d) sliding along the
tip edge that classifies it as the head boundary with consistent force
readings; (e)—(g) changed search direction along the orthogonal line
o> (blue) that finds the drive as described in II-B.1.

(a) (b) (c) (d) (e) ®)

Fig. 7: Tip insertion involves three rotations about: (a)—(b) an axis
that is perpendicular to the screw head and passes through the tip
point; (c)—(d) the direction perpendicular to the shaft; and (e)—(f)
the screwdriver’s axis.

maintains a contact force (2 + 0.05 N) at ¢; in the negative
z-direction, and a contact force (0.5 £ 0.1 N) at ¢y in the
positive x-direction (cf. Fig. 4a). A torque of 0.01 Nm in
the screwdriver’s axial direction is sensed when the final
configuration in (f) is reached. During the last two rotations,
a force in the range 1 £ 0.03 N along the normal direction
of the contact frame is maintained to prevent contact loss.
The initial configuration in Fig. 8a for torquing is the same
as that in Fig. 7f. The robot configuration is reset in (c) by
rotating the screwdriver counterclockwise through m. With
the drive’s orientation known before the disengagement, the
tip is easily inserted back to begin the next round. The normal
force to the screw head is maintained within 54+0.02 N, while
the torque increases from 0.0107 Nm in (a) to 0.0145 Nm in
(d). Meanwhile, impedance control applied in the orthogonal
directions will keep the force within the range £0.03 N.

B. Results

For further testing, we conducted forty simulation trials.
Each trial randomly selects the position of the screw in a
0.05 m box centered at (0.3,0.0,0.4) m, and the direction
of the drive from [0, 27). All the twenty trials on mounting
can identify the drive, but only fifteen of them end up with
successful tip insertions. Five trials fail because a joint of the
arm has reached its limit to inhibit the robot from completing
a specific rotation. It is possible to avoid such failures by a
different initial configuration or a better motion planning.
Among the successful trials, the time for mounting task
varies from 50 to 110 seconds, as affected by the drive
search. For screw driving, all the twenty trials have seen

Fig. 8: Screw driving: (a) initial configuration; (b) clockwise
rotation through 7/3; (c) disengagement of the screwdriver when
reaches the joint limits after a torquing through 47 /5; and (d)
configuration after two iterations.

the completion of three iterations of the following steps:
torquing, disengagement, joint reset, and insertion again. The
average time for a complete iteration is 15 seconds.

It is worth mentioning that when null space control is not
activated, most of the trials would fail easily on a rotation.
For example, during torquing, there is a tendency to use only
the first six joints of a 7-DOF KUKA robot instead of the
last joint whose axis coincides with the screwdriver.

V. DISCUSSION AND FUTURE WORK

This paper presents control policies for mounting a screw-
driver and using it to tighten a screw. The mounting strategy
solves a generalized peg-in-hole problem by combining a
sliding-based search for the screw drive with controlled
rotations that utilize compliance for tool tip alignment and
insertion. Installation of the virtual fence around the screw’s
head carries a good promise for mating of small parts. The
tightening strategy maintains the axial alignment of the screw
and the threaded hole based on modeling and regulating
their interactions. Various control policies, over position,
impedance, and admittance, are integrated smoothly to ex-
ecute this fine manipulation task. The proposed mounting
strategy can be adapted to a Phillips screw, because the tip
of the matching screwdriver can be treated as a point. On the
other hand, for a hex drive screw, mounting the screwdriver
tip can be more challenging as it requires perfect alignment
between the tip and the drive. The torquing strategy works
for various types of screws as long as the screwdriver tip
does not slide in the drive.

The work needs to be extended in several directions to
approach the skill level of screw driving by the human hand.
Clearly, the screwdriver should be held and maneuvered
by a robotic hand (mounted on a robotic arm). This leads
to issues of tool pickup, maneuver, and exchange, all of
which rely on executions of finger gaits involving contact
establishment, maintenance, and disengagement. Impedances
between the fingertips and the screwdriver and between the
screwdriver and the screw will serve an important role during
the fastening action. Effective finger and screwdriver control
policies will require more accurate modeling of the screw-
substrate contact force, which cannot be sensed directly.
Other tasks, such as retrieving and pre-installing a screw into
a threaded hole by a robotic hand, also present challenges.
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