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A Robotic End-Effector for Screwing and
Unscrewing Bolts From the Side

Rui Tao ", Junfeng Fan
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Abstract—This letter presents a novel robotic end-effector for
screwing and unscrewing bolts. In many industrial scenarios, it
is required to manipulate bolts from the side using robots with
end-effectors. Besides, the reaction torque during tightening needs
to be balanced to the stability of the robot. To address these
challenges, we design a robotic end-effector that can realize side
screwing and torque counteraction. Specifically, through an open
gear set and a width-adjustable screwing mouth, the end-effector
can approach the bolt from the side in any direction and then screw
and unscrew it. A gripper with force-magnification and self-locking
drive is equipped to counteract the reaction torque during screwing
and unscrewing. Considering the extensions for different applica-
tion scenarios, a method to extend the end-effector by switching
screwing mouths is given, and the extended end-effector is able to
screw a variety of objects. After further analysis and optimization
of the force and size, experiments are carried out. The results show
that the end-effector can screw and unscrew the target bolt robustly
and counteract the reaction torque. It is also applicable in different
scenarios.

Index Terms—Screwing and unscrewing, grippers and other
end-effectors, mechanism design, assembly.

I. INTRODUCTION

CREWING or unscrewing bolts or nuts from the side is
S necessary in many industrial scenarios, especially when
there are obstacles above bolts. Because few electric wrenches
can conduct this operation, at present, it can only be performed
manually by workers using entirely mechanical wrenches, which
is quite inefficient. In addition, “robots + screwing tools” for
automated bolt-tightening is the trend of the future. However,
screwing bolts or nuts generates reaction torques, which will
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Fig. 1. The prism targets on FAST. (a) Overall view of FAST. (b) The node
between the elements. (c) A prism target at a node (d) The structure of the prism
target, the target bolt, and the target base.

be transmitted to the robot and cause the robot to move or
even topple if it cannot be fixed properly, such as underwater
robots [1], space robots, and mobile robots [2]. Therefore, it is
very meaningful to study side screwing and torque counterac-
tion.

The purpose of this study is to automate the work of screw-
ing and unscrewing the target bolts from Five-hundred-meter
Aperture Spherical radio Telescope (FAST), which is currently
the world’s largest single-aperture spherical radio telescope with
the highest observation resolution. FAST is mainly composed of
an active reflector system and a feed support system. As a part
of the measurement and control system, more than 2000 prism
targets are deployed on the reflector [3] In the daily maintenance
of FAST, replacing the prism targets is very important, and
is currently performed manually by workers using wrenches.
Manually maintaining the targets is not only inefficient but
also extremely dangerous— the reflector is made of aluminum
sheets only 1 mm thick and cannot directly bear the weight of
a common adult [4]. Therefore, it is necessary to use a light
mobile robot to replace human beings for automated target
replacement.

Each of the prism targets is assembled on a target base through
atarget bolt, and the target base is located at the node between the
elements of the reflector as shown in Fig. 1. Because the upper
and lower threads of the target bolt are in the same direction
(Fig. 1(d)), the prism target cannot be driven directly, and only
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the target bolt can be driven. Therefore, replacing the prism
target is essentially disassembling and assembling the target bolt.
Since the target bolt connects the target base and the prism target,
it can only be driven through the two flats from the side.

Hence, we design an end-effector that can realize side screw-
ing and torque counteraction. The main components of the
end-effector are as follows:

1) A novel screwing mechanism is proposed, which includes

an open gear set and a width-adjustable screwing mouth.
This design allows the end-effector to screw and unscrew
the bolt from the side in any direction. The screwing
mechanism can also be used separately to screw various
objects by changing the screw mouth.

2) A holding mechanism with force-magnification and self-
locking drive is designed to fix the end-effector on the
target base during operating, thereby counteracting the
reaction torque.

3) A height-adjustable connection is designed to actively ad-
just the relative position between the screwing mechanism
and the holding mechanism.

The design of the end-effector concept throws some new
light on side screwing and torque counteraction. The main
contributions of this letter are as follows. 1) The idea for side
screwing and torque counteraction. 2) The design of a side-
screwing mechanism and a gripper with force-magnification and
self-locking drive. 3) The optimization of the open gear set and
the gripper.

The rest of this paper is organized as follows. Section II in-
troduces the related works. Section III and IV present the design
goals and the design of the end-effector, respectively. In Section
V, we present the analysis and optimization. Experiments and
results are given in Section VI. Finally, conclusions and future
work are summarized in Section VII.

II. RELATED WORKS

To tighten bolts or nuts, the traditional method is using im-
pact wrenches manually for semiautomated tightening, which
is inefficient. Robot assembly technology has been extensively
developed [5]. Using robots for thread assembly is the develop-
ment trend of the future [6] and has already played important
roles in many fields [7], such as the assembly of the hubs of
wind turbines [8]-[10], the assembly of steel structures in build-
ings [11], and the maintenance of high voltage lines [12]. In the
above research, the basic idea to realize autonomously screwing
is “robots + screwing tools,” which means that screwing tools
are installed at the end of robots as end-effectors.

There are two types of screwing tools: general tools and spe-
cial tools. Many robotic screwing systems use general screwing
tools [13]-[15]. These screwing tools are usually grasped by
robots using general parallel grippers, and can even be used
manually. Among the general screwing tools, Bosch, Atlas,
and other companies launched a series of commercial screwing
tools [16], [17].

In addition, researchers have proposed a variety of special
screwing tools that can be installed at the end of robots. Miiller
et al. [8] presented a robot-guided tensioning tool for tightening
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Fig.2. Manually screw the target bolt. The principle of side screwing is similar
to that of manual wrenches.

bolts on the hub of the wind turbine. Liu et al. [18] proposed an
automated bolt tightening shaft that is modularly designed. By
a universal joint in the front sleeve, the tool can work normally
within a 5 mm deviation. Hu et al. [19] developed a screwing
tool that can convert linear motion of the parallel gripper into
rotational motion. By exchanging tooltips, the tool can screw
various bolts. Pei [20] ef al. developed a mechanical gripper
for screwing hexagon socket head bolts. These screwing tools
all approach the bolt or nut along the axis and cannot drive the
object from the side. Karnati ez al. [21] designed a robotic hand
that can screw and unscrew objects from the side. Due to the
complex structure, the maximum screwing torque of the hand is
limited, which implies limited application scenarios.

The casing power tong [22] used in petroleum exploitation
provides a design idea for side screwing and inspires us. It is
equipped with an open gear set, and the open gear can be driven
continuously under the premise of missing teeth. Casing power
tongs are heavy equipment and their specific design cannot be
directly applied to this letter. Moreover, few researchers have
considered balancing the reaction torque of screwing tools.

As these results illustrate, few screwing tools are able to
screw and unscrew from the side and counteract the reaction
torque. In this work, a robotic end-effector is designed, which is
mainly composed of a side-screwing mechanism and a gripper
for reaction torque counteraction.

III. DESIGN GOALS

The design goals are to achieve side screwing and torque
counteraction. The principle of side screwing is shown in Fig. 2.
Furthermore, to make the end-effector approach from the side
in any direction, the width of the screwing mouth must be
adjustable. Because the target base is a cylinder made of steel,
we need a mechanism to transfer the reaction torque to the target
base. That means a gripper that can hold the cylinder tightly is
necessary.

In addition, the compactness of the structure is also very
important. Due to the limited space of the node of FAST, we
limit the length of the end-effector be less than 220 mm. Taking
the above into consideration, the design goals for constructing
an end-effector are as follows.

1) The end-effector can screw and unscrew the bolt from
the side in any direction. Furthermore, the width of the
screwing mouth should be adjustable.

2) The end-effector can hold a cylinder tightly to counteract
the reaction torque.

3) The end-effector should have a compact design.
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Fig. 3. The structure of the end-effector. (a) The end-effector is fixed on the
target base by the Holding Part. (b) Multi-view of the end-effector without the
mechanical interface.

IV. DESIGN OF THE END-EFFECTOR

The structure of the end-effector is shown in Fig. 3. The
end-effector can be mounted at the end of a robotic arm through
a mechanical interface. It can be divided into three parts: a
Screwing Part, a Holding Part, and a Height-adjusting Part.

The Screwing Part is mainly composed of an open gear set
and a width-adjustable screwing mouth, and it is similar to
an adjustable wrench. The Holding Part, essentially a grip-
per, is to counteract the reaction torque. The end-effector can
hold the target base tightly with the gripper. At this point, the
torque generated by the Screwing Part is applied to the target
base through static friction force rather than transferred to the
robotic arm. During screwing or unscrewing, the Holding Part
is fixed on the target base, and the Screwing Part moves verti-
cally (& The length of the thread) with the rotation of the
bolt. Therefore, a rigid connection cannot be used directly. The
Height-adjusting Part is actually a height-adjustable connection
and can adjust the relative position between the Screwing Part
and the Holding Part in the vertical direction actively. In the sub-
sections below, we detail the design of the mechanical structure.

A. Screwing Part

1) Transmission Scheme: A gear with several teeth missing,
called open gear, is chosen to drive the target bolt from the side.
Unlike normal gear sets, an open gear set as shown in Fig. 4 is
needed to ensure that the open gear can be driven continuously.

To balance the weight and the output torque of the end-
effector, we increase the transmission ratio of the transmission
chain and use a low-power motor at the same time. The transmis-
sion scheme of the Screwing Part is illustrated in Fig. 4, where
a pair of reduction gears are added based on the open gear set.

2) Width-Adjustable Screwing Mouth: A width-adjustable
screwing mouth is important for the end-effector to flexibly
screw the bolt. As shown in Fig. 5(a), when the screwing mouth
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Fig. 5. (a) Alignment process. (b) Structure of the screwing mouth.

(c) Schematic diagram of the adjustment process.

is fully open, the end-effector can approach and drive the bolt
from the side in any direction. Therefore, the screwing mouth
must meet the following two requirements:

® The width is adjustable. The maximum width of the mouth

must be larger than the bolts’ maximum width.

® To reduce the power of the motor, the transmission chain

from the motor to the jaws needs to be self-locking.

The structure of the designed screwing mouth is presented in
Fig. 5(b). It is mainly composed of a fixing jaw, two moving
jaws, and a driving module. Note that Pin 1, Pin 2, and Pin 3 are
used for sliding joints, and Pin 3 is used for a revolute joint. The
width of the screwing mouth can be computed by

9M0tor2 “P1 . é _ eMotor 2P1b
27 a Ta

ey

w2:2~

where wy must be larger than the diameter of the middle part
of the target bolt. a and b are shown in Fig. 5(c), Onjotors 1S the
rotation angle of Motor 2, and p; is the lead of Lead screw 1. In
addition, the force Fi shown in Fig. 5(c) will be large when the
open gear is tightening the bolt. Therefore, to prevent Fx from
being transmitted to Motor 2, the designed Lead screw 1 must
be self-locking.

B. Holding Part

The design goals of the Holding Part are to design a gripper
with a large holding force, light structure, and low energy
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Fig. 6. (a) The principle of the designed force magnification. (b) The structure
of the Holding Part.
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Fig. 7. The structure of the Height-adjusting Part.

cost. Therefore, we must design a force-magnification and self-
locking drive. Although there are lots of studies on grippers with
large holding force [23]-[25], their sizes and maximum holding
forces are both insufficient. The principle of the designed force
magnification is shown in Fig. 6(a), where F' is the input force
and F} is the output force. The relationship between F' and F
is:

F=—t ?)

2cosa”

To increase the output force F}, « in (2) should close to
90°, and then cosa will close to 0. In addition, the thrust
F'is from a self-locking lead screw, and Fj further drives a
force-magnification lever. The designed structure of the hold-
ing gripper is shown in Fig. 6(b). There are four jaws in the
Holding Part: two fixing jaws and two floating jaws. When the
end-effector reaches the pose to operate, the four jaws will hold
the cylinder tightly with the drive of Motor 3. After the holding
force is enough, Motor 3 can be powered off. To increase the
friction coefficient between the jaws and the target base and
prevent slippage, the surfaces of the jaws should be rough, and
the curvature radius of the surface of the jaws should be the same
as the radius of the target base.

C. Height-Adjusting Part

The structure of the Height-adjusting Part is shown in Fig. 7.
Four trapezoidal arranged guide rails are used to constrain
the relative position of the Screwing Part and the Holding Part
in the horizontal direction, transmit torques, and allow the two
to slide in the vertical direction. In the middle of the trapezoid,
as shown in Fig. 7, a linear actuator is designed, composed of
Motor 4, Nut 3, and Lead screw 3. Nut 3 is fixed on the support
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Fig. 8. The extended end-effector with different screwing mouths. (a), (b) are
cases to screw common bolts and nuts. An Allen wrench is held by the screwing
mouth in (a). (c), (d) are cases to screw special objects that current screwing
tools cannot.

Fig.9. Installation parameters of the open gear set. For each gear, a part of the
reference circle inside or outside the hexagon O; 020304Og0/2 is selected
and marked in bold. The bold line marked in the figure represents the curve
composed of the bold parts of the reference circles of all the gears.

plate of the Screwing Part, and Motor 4 is fixed on the base plate,
which is connected with the Holding Part. The vertical relative
position of the support plate and the base plate can be actively
adjusted by the linear actuator.

D. Extensions for Different Application Scenarios

An apparent shortcoming of the above design is that it cannot
adapt to more tasks. To extend the application scenarios, we
design different shapes of screwing mouths for different tasks,
as shown in Fig. 8. The end-effector can be converted to an
extended end-effector by changing different screwing mouths.
The extended end-effector can not only screw conventional bolts
or nuts but also screw objects with complex shapes, such as water
pipe joints and bottle caps. The relevant tests will be given in
Section VI. B.

V. ANALYSIS AND OPTIMIZATION

This section presents the analysis and the optimization of the
Screwing Part and the Holding Part.

A. Optimization of the Gear Arrangement

1) Analysis of the Installation Conditions: To ensure that all
gears of the open gear set can mesh correctly, the length of
the bold line presented in Fig. 9 must be an integer multiple
of the pitch of the gear. As shown in Fig. 9, taking the gear
zo as an example, the number of patches inside the hexagon
010203040éOé is:

T™— Q1+ Qo
2T

According to the above condition and the geometry constraints
of the hexagon, the installation conditions of the open gear set

X Z9. (3)

22in =
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Fig. 10.  Different gear arrangements. (a), (b), and (c) represent the optimiza-
tion process. (d) is the gear arrangement in our implementation.

can be deduced as:

T — Q1 + Qo T — Q1
29 —+ 21 =n,
s s

a3 T+ a3 + oo
Z4— +Z3
™

(23 + 2z4)sinag = (22 4 z3)sinag + (21 + 22)sinay.  (4)

where oy, s, and ag represent the angles of the hexagon,
21, 22, 23 and z4 are the numbers of teeth of the corresponding
gears in Fig. 9.

2) Length Minimization: The goal of the optimization is
to minimize the length of the Screwing Part. The dimension
parameters shown in Fig. 9 are used for optimization, where
[ represents the length of the open gear set. Therefore, the
optimization goal can be formulated as

minl = 1.25[(z4 + z3)cosaz + (23 + z2)cosas
+ (22 + z1)cosaq]. Q)

The following geometric constraints are considered.

e The gears must not interfere with other parts. The Height-
adjusting Part is represented by a green rectangle, as shown
in Fig. 9, which is the closest to the open gear set and needs
attention.

e To ensure the open gear can be driven continuously, the
angle o3 must meet g > 6.

To analyze (4), we set the numbers of teeth of the gears to fixed
values (z1 = 21, 20 = 23 = 29, z4 = 101) and only care about
aq, a2, and ag. The optimization process are as follows. First,
Fig. 10(a) shows an gear arrangement where a3 is at a minimum.
Second, to further reduce [, we set the addendum circles of the
right three gears tangent to the dashed line as shown in Fig. 10(b),
which means «; is determined temporarily. At last, increase the
value of a3 with a fixed step until the gears contact the green
rectangle as shown in Fig. 10(c). Thus, the interval of ag is
determined.

For each step of a3, the corresponding n, a1, and aig cannot be
solved directly using (4) because there are more variables than
equations. Based on the previous settings, a;; can be determined
temporarily. Therefore, we can compute the corresponding n’
and «g using (4), and n’ is usually an irrational number. Then
an approximate integer n is determined from n/, for example,
n = 90 if n’ = 99.235. n represents the number of the pitches
at the bold line and the deviation of the calculation result
within 1 is acceptable. Further, By substituting each a3 and the
corresponding n into (4), the corresponding oo and o can be
calculated.

For each group of a1, a, and a3, the corresponding [ can be
computed by (5). Changes of as, a1, and [ with respect to ag
are shown in Fig. 11. When [ is minimal, the gears will almost
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Fig. 11.  (a) Changes of a1 concerning 3. (b) Changes of aea concerning av3.
(c) Changes of [ concerning c3. Black lines are the optimal solution.

S pep—

Li
N /K
<
RN /

Target base . e —

“

n
L

A

ISREZANSNE: 9]
NP pg
™

Fn

(b)

2| @

Fig. 12. The schematic diagram of the gripper. (a) The gripper is fully opened.
(b) The gripper holds the target base.

contact the green rectangle as shown in Fig. 10(c). For safety
reasons, in our implementation, we increase as by about 2°
from the minimal value. The optimal values of the angles are as
follows: a; = 83.302°, ag = 26.524°, and a3 = 36.077°, and
the optimal gear arrangement is shown in Fig. 10(d).

B. Optimization of the Holding Part

1) Force Analysis: The relationship between the thrust F’ of
Nut 2 and the force F5 exerted by the floating jaws on the target
base is deduced. The schematic diagram of the gripper is shown
in Fig. 12. Based on the geometric relationships, the force F»
can be computed by

_ Flysin(yz)  Flasin(w + 93 — 1)
© 2zsin(yy) 213 sin(y1)

Fy . 6)
where o, [3,71, 73 and w are all marked in Fig 12(b). Among
them, w and <3 are not structural parameters, and they can be
formulated as

I3 b+ 5

+ arccos ——m———-—-——,
2 2+ b+ 22

W = arccos —m———o———
A+ (b+%)
(N

. b+ a%+b2+l%—l§+w ®
1 = arctan — 4 arccos ——————=- + —.

ay IERY CL% + b2 2
where a; represents the length from Pin C to Pin A when the
gripper holds the target base, and can be formulated as

a; = \/lf — (b—lycos(w+3)) — lasin(w+3).  (9)

It should be noted that the force FY from the left floating jaw is
equal in magnitude to the force F5.

2) Size Optimization: The goals of optimization are to make
the gripper with a large holding force and compact size. The di-
mension parameters shown in Fig. 12 are used for optimization.
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Geometric Constraints: When the gripper is fully open, the
distance L; of the two jaws must be larger than the diameter of
the target base. Hence, L; must meet

Ly >2R+2, (10)

where R = 26 mm in our cases. When the gripper holds the
target base, a; cannot be too small to prevent Nut 2 from
contacting the bearing as shown in Fig. 6(b) and Fig. 12(b).
In our implementation, a; should meet

(11)

Force Maximization and Length Minimization: The holding
force can be computed by (6) — (9). The length of the gripper
can be represented by a2, which is the length from Pin A to Pin
C when the gripper is fully opened, as shown in Fig. 12(a).

On the one hand, it can be known from (2) thatif 7; approaches
180°, the holding force F' will approach infinity. This case is
shown in Fig. 12(b) as the red dashed lines. However, in this case,
the length of the gripper is large and can be optimized further. On
the other hand, making Nut 2 contact the bearing while keeping
Link A (I1) perpendicular to Link B (/5) can significantly reduce
the length. As shown in Fig. 12(b), the blue dashed lines show
the case.

To further quantitatively analyze the main force-
magnification links, the holding module (I3 = 12.5mm,
c=314mm,b=16.38mm) is firstly determined. We
set the thrust F' to be 4772.8 N by F = 27nTnmotor1/Ps
where Thyiotorr = IN - m, 7 = 0.95, and p = 1.25 mm. Further,
we traverse [; and [l with reference to the interval formed by
the red and blue dashed lines. And the changes of F» and a;
with respect to /; and 5 can be obtained. The value of w in (7)
is 26mm and it is determined by the width of a commercial nut
— Nut 2. When the gripper is fully opened, the length as can
also be computed by (9) like a1, where w cannot be calculated
by (7), but by

a1 > 84 mm.

o 2b+w—L; — 10
a 24

where L1 = 2R + 2, R = 21 mm. When Link B is a straight
link (ys3 = 180°), F5, aj, and ae change with respect to [y
and [, are respectively shown in Fig. 12 (b.1), (b.2), and (b.3).
To further discuss how the shape of the links influences the
results, 3 is changed. We decrease and increase -3 by 6°,
and the corresponding results are shown in Fig. 12(a) and (b),
respectively.

According to the results in Fig. 13, the trends of the three
rows are almost the same. That is to say, to get a maximum
holding force, we must make [/; be as small as possible and [
be as large as possible. To get a minimum length, the /; and [
should be both as small as possible. However, when we choose
the former, compared to the latter, the increase in length as is not
very drastic, but the holding force F'is greatly increased. Hence,
alarge [; and a small /5 are the best solution. Furthermore, under
the premise of a; > 84 mm, when 3 = 174°, the corresponding
as is the smallest and F5 is the largest among the three rows.

In practice, the holding force of the gripper comes from the
elastic force generated by the elastic deformation of the links, as

; (12)
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Fig. 13.  (a), (b), (c) When v = 174°, v = 180°, and v = 186°, changes of
F5, a7, and ag with respect to [1 and lo. The planes in (a.2), (b.2), and (c.2) are
the boundaries of a;. The intersections of the colorful surfaces and the planes
form curves, which are projected on the XY planes as the blue curves. (d) The
elastic deformation of the links. The black lines represent the original shape
without deformation.

Fig. 14.  (a) The prototype of the end-effector. (b) Various screwing mouths.

presented in Fig. 13(d). To make the links elastically deform, Nut
2 should be moved towards the motor for a short distance after
the floating jaws contact the target base. Therefore, a; should
be slightly larger than 84 mm. We will discuss this further in
Section VI. C. In our implementation, 3 is chose to be 174°,
[y = 68 mm and l, = 76 mm. Note that 3 can be chosen to be
smaller than 174°, and interested readers can deduce it further.

VI. EXPERIMENTS AND RESULTS

We prototyped the end-effector as shown in Fig. 14(a). To en-
sure the stiffness of the end-effector, the main parts were made of
carbon steel and aluminum, and the others that are not important,
such as the mechanical interface, are made of photosensitive
resin. The total weight is about 4.6 kg, and the maximum length
from the open gear’s axis to the back is 170.61 mm as shown
in (a). To extend the use of the end-effector, we made various
screwing mouths, as shown in Fig 14(b). Next, we will first test
the Screwing Part and the Holding Part separately, and then test
the workflow of the end-effector.

A. Test of the Screwing Part

The Screwing Part was removed from the end-effector and
mounted on the end of a 6-DOF robotic arm through a new
mechanical interface, as shown in Fig. 15(b). Fig. 15 (c.1-c.4)
shows the process of screwing and unscrewing the target bolt.
The Screwing Part approaches the target bolt from the side.
After reaching the target pose, the open gear rotates to the target
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Fig. 15. (a.1) The target bolts. (a.2,3) Hexagon bolts or nuts. (a.4,5) Irregularly
shaped objects like pipe joints and special bolts. (a.6) Common bolts. (a.7)
Cylinders like bottle caps. (b) The Screwing Part was mounted at the end of
a 6-DOF robotic arm. (c.1) Approaching the target bolt. (c.2) Reaching the
target pose. (c.3) Adjusting the direction and width of the screwing mouth. (c.4)
Screwing and unscrewing. (d.1-6) Screwing objects that are shown in (a.2-7).

=

(d)

Fig. 16.  (a), (b), (c) Experimental settings for measuring the external reaction
torque with the Holding Part, the external reaction torque without the Holding
Part, and the internal reaction torque with the Holding Part. (d) Means and
standard deviations of the torques in (a), (b), and (c).

direction, and the width of the screwing mouth is adjusted. Then
the target bolt can be screwed or unscrewed.

To test the performance of the extended end-effector with
various screwing mouths as mentioned in Section. IV. D, we
conducted experiments to screw hexagon bolts and nuts as shown
in Fig. 15 (a.2) and (a.3), irregularly shaped objects as shown
in (a.4) and (a.5), cylinders like bottle caps as shown in (a.6),
as well as using an Allen wrench to screw a common bolt as
shown in (a.7). The results are shown in (d.1-6). All the objects
mentioned above can be successfully screwed repeatedly.

B. Test of the Holding Part

The Holding Part was evaluated from two aspects: the ef-
fectiveness of torque counteraction and the maximum holding
torque of the gripper. First, to test the effectiveness of the Holding
Part, we performed experiments as shown in Fig. 16(a)-(c).
Fig. 16(a) and (b) show the end-effector with the Holding Part
and without the Holding Part, respectively. Torque Sensor 1
is located between the target base and the ground to measure
the external reaction torque. Torque Sensor 2 is embedded in
the target base with a location between the Screwing Part and
the Holding Part to measure the internal reaction torque. We
programmed the end-effector to tighten the target bolt with a
target torque of 6 N -m (using current and angle feedback)
and repeated it 15 times with the settings in (a), (b), and (c),
respectively. Fig. 16(d) shows the results. The analyses are as
follows. 1) Compared to the mean of the reaction torque in (c),
that in (a) is quite small. The result proves that the Holding Part
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TorguelN-m]

Fig.17. (a), (b), (c) Holding Part holds the target base when Nut 2 is at different
position. (d) Typical changes of the applied torques when the position of Nut 2
is 3 mm moved. () Changes of the maximum torque with respect to the moved
distance.
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Fig. 18.  Changes of the speeds of the three motors. (a) is the screwing process.
(b) is the unscrewing process. The key time instants and their corresponding time
stamps are shown in the figure.

can definitely counteract the reaction torque. 2) The mean of
the external reaction torque in (b) is smaller than that in (c),
which is caused by the deformation of the mechanical interface
in (b). This result demonstrates that when screwing bolts without
torque counteraction, The stiffness of the mechanical interface
must be high and the robot should be well fixed, otherwise, the
tightening torque cannot be guaranteed.

Second, the maximum holding torque of the gripper was
tested. As shown in Fig. 17 (a-c), the gripper was evaluated
separately. The surfaces of the floating jaws and fixing jaws
were roughened to increase the friction coefficient. The gripper
was driven by Dynamixel AX-12 A motor, which has a stall
torque of 1.5 N - m. As mentioned in Section V. B, the holding
force is related to the position of Nut 2. To test the relationships
between them, we moved Nut 2 towards Motor 3 in 1 mm steps
from an initial position. The initial position is the position of
Nut 2 when the floating jaws just contact the target base, as
shown in Fig. 17(a). In each step, we de-energized the motor
after the gripper held the target base, and then a clockwise (CW,
for screwing) or counterclockwise (CCW, for unscrewing) force
was slowly and increasingly applied to the gripper until slippage
occurs. The torque caused by the applied force can be recorded
by the torque sensor between the target base and the ground.
Typical changes of the torques are shown in Fig. 17(d). It can
be seen that when slippage occurs, the recorded torque will not
increase but decrease a little. Therefore, we can roughly regard
the peak of each test as the maximum holding torque. After
slipping for about 1 s, the force was removed, so the recorded



TAO et al.: ROBOTIC END-EFFECTOR FOR SCREWING AND UNSCREWING BOLTS FROM THE SIDE

torque dropped suddenly. We repeated the operation 15 times in
each step, and the results are shown in Fig. 17(e). The maximum
holding torque increases nearly linearly with the movement of
Nut 2. When Nut 2 is 6 mm moved from the initial position,
the maximum holding torque is about 22-23 N - m, which can
ensure that the end-effector does not slip when tightening the
target bolt.

C. Test of the Workflow of the End-Effector

We programmed the end-effector to approach the target bolt
from the side and then screw and unscrew it. After reaching
the target pose, the Holding Part held the target base, and the
rotational speeds of the three motors that respectively drive the
open gear, the screwing mouth, and the Height-adjusting Part
were recorded. The results are shown in Fig. 18. We repeated
the experiment 10 times and the end-effector can successfully
and robustly screw and unscrew the target bolt without failure.

VII. CONCLUSIONS AND FUTURE WORK

In this letter, an end-effector for screwing and unscrewing
the target bolt was designed. The end-effector could approach
the bolt from the side in any direction, automatically screw and
unscrew it, and counteract the reaction torque. An open gear
set and a width-adjustable screwing mouth were designed for
side screwing. A gripper driven by a small-power motor could
obtain a great holding force because of the force-magnification
and self-locking design. We also gave some extensions of the
end-effector to perform more tasks. Analysis and optimization
were carried out to make the end-effector compact and with a
large holding force. Experiments showed that a prototype of
the end-effector could screw and unscrew the target bolt from
the side robustly and almost completely counteract the reaction
torque. The extended end-effector could screw various objects
that traditional tools cannot.

The design concept can be applied to many industrial scenar-
ios. In actual use, if the torque counteraction function is needed,
the limitation of the end-effector is that the threaded hole must
be at the center of a raised base, such as a cylinder, and the shapes
of the jaws should be refined to suit the base. If the function is
not needed, compared with traditional wrenches, the screwing
method proposed in this letter can screw more kinds of objects
and may be more advantageous in the scenario where there are
obstacles above the object. However, in the present design, we
did not consider the cable twist problem for Motor 2 (the motor
for the screwing mouth). We will improve it using slip rings [26]
in the next generation.

In the future, we will further optimize the design and develop
intelligent algorithms for screwing various objects.
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