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Abstract—Hi-Lite Bolts are widely used in the mechanical
connection of composites in aircraft assembly. In this paper, we
present a robot system based on an industrial robot, which can
achieve the automatic assembly process of Hi-Lite Bolts to
ameliorate the efficiency and improve the quality, as well as the
intelligence of composite material assembly. A novel end-effector
integrating the six-axis force sensor and direct-drive servo motor
is designed to be installed on the end of robot in this system. In
order to complete the alignment in small error region of bolt and
nut and the twist-off of nut in the assembly process, we analyze
the installation characteristics of the Hi-Lite Bolts and study the
control algorithm based on force feedback to propose a control
strategy for automatic connection of the Hi-Lite Bolts. A series of
experiments are conducted at the end of this paper to
demonstrate that the robot system is efficient and the control
strategy is feasible.
Keywords—Hi-Lite Bolts; robot system; force feedback;
automatic assembly.

I. INTRODUCTION
In recent years, the use of composite materials in military
and civil aircraft structures has been increased rapidly for their
light quality, high specific strength and anti fatigue,
outstanding designability characteristic and corrosion
resistance performance. they account for 25%~50% of airframe
weight, which can lighten the weight, improve the service life,
and reduce maintenance costs. Because of the specific material
properties, it is necessary to use reasonable fastener and
matching connection technology in composite materials
Assembly. Hi-Lite Bolts are commonly used for double-side
installation of aircraft structure due to their hi-strength, high
fatigue values, build-in preload, self-locking and other
characteristics. At present, Hi-Lite Bolts installation mainly
depend on manual operation with hand-held tool, however, the
shortcomings of this approach are also obvious on account of
higher requirements for operational skills and labor intensity,
lower efficiency and installation quality, besides that, security
risks will be caused easily because of the scattered nuts in
aircraft interior.
Industrial robots are widely used in the field of machining
and assembly in the advantages of flexibility, stabilization and
celerity, obviously, what we discuss here belongs to the
assembly application. One of the prominent problems is that it
is difficult to ensure the correct contact and cooperation
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between the workpieces in some applications because of the
calibration error and location error. An effective method is to
eliminate or compensate errors by adding additional sensors to
get more useful information of the assembly environment. The
most commonly used sensors are camera [1], force sensor,
laser sensor [2] or more than two kinds of sensors used
together [3-7]. Compliance is usually necessary at the end of
the robot in order to facilitate the assembly process, and either
of hybrid force/position control [8] and impedance control [9]
is likely to work. In the field of automatic threaded connection,
an autonomous robot system for power distribution line
maintenance work is researched using a remote joystick under
multiple sensors and damping control [10]. Wind turbine hub
bearing assembly is a typical task of bolt/nut joint connection,
and an adaptive and automated bolt tensioning system has been
developed [11-13]. Research on the assembly technology based
on industrial robot has been concerned all the time, however,
few researches focus on Hi-Lite Bolts assembly, which is of
great significance and extensive application prospect.
In this paper, an automatic system for Hi-Lite Bolts
assembly is developed based on industrial robot to guarantee
accuracy, efficiency and quality in addition to lower costs and
labor intensity. We only adopt a six-axis force sensor in order
to avoid blindness and decrease complexity, which learns from
the fact that human can successfully complete the assembly
task when they only depend on the force sensing without their
eyes. The remainder of this paper is organized as follows:
Section II is an overview of our system. The key algorithms
and strategies will be described in section III. Section IV and
section V are the experiment and conclusion.
II. SYSTEM ARCHITECTURE
A. Hi-Lite Bolts and Collars Assembly
A correct analysis of the characteristics and the installation
process of Hi-Lite Bolts/Collars is necessary for our desired
function. Hi-Lite fasteners are usually made of titanium alloy
and the nominal diameter is between M5 and M20 within a
smaller size range. The Hi-Lite Bolts have internal hex drive
wrenching features in the threaded end of the bolt shank. The
Hi-Lite Collars fitted with the bolts have hex screw cap and
counterbore, and will break from frangible portion when the
preload reaches a certain threshold as shown in Fig. 1. The
manual installation steps are shown as follows:

(a)
(b)
(c)
(d)
(e)

Insert Hi-Lite Bolts into holes.
Sleeve nuts.
Insert trigger hex wrench into hex wrenching cavity.
Twist off the nuts with trigger hex wrench.
Exit the hex wrench.
Location accuracy between bolts and nuts should be less
than 200 μm and coaxiality must be strictly controlled in the
installation process, otherwise, the composites may be
destroyed due to the excessive radial disturbance force.
Collar
Frangible (Break-off) Portion

so that it can rotate with the motor. In order to prevent violent
collision, a spring is added on the bottom of locating rod.

Fig .3 The 3D mode of end-effector
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III. CONTROL ALGORITHM
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Fig .1 Installation diagram of Hi-Lite Bolts and Collars

B. System Composition
The system is shown in Fig. 2 which includes: industrial
robot, robotic control cabinet, six-axis force sensor, data
acquisition card, DC motor servo driver, end-effector with DC
motor and IPC. Upper-computer control software of IPC is
written with LabVIEW to implement the control algorithm and
communicate with both of the robot control cabinet and the
servo driver, so that every part of the system can move as
expected. The force sensor is installed between the end of the
robot and the end-effector to collect the information of contact
force and feed back to IPC through data acquisition card as the
input of our system.
Force Sensor

Industrial
Robot

Data
Acquisition
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End-effector
Motor
Servo
Driver
IPC
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Fig .2 System diagram

C. End-effector
A special end-effector shown in Fig. 3 is designed to
complete the task described in the section A. The features what
we need include clamping, location and tightening. A DC
motor with the hollow shaft is employed to screw or unscrew
the nuts, and no reducer is used here due to the motor’s high
torque. The locating components are easy to fix when the
tightening components rotate around the axis, which can
simplify structure and reduce weight of the end-effector. The
hexagonal sleeve barrel machined at the end of the tightening
shaft and the bolts on side are used to clamp the Hi-Lite Collar

A. Gravity Compensation
As the input of the control system, the force information is
necessary to be accurate. We improve the measuring precision
of the sensor by choosing the right product and eliminate the
disturbing of outlier and random error with Kalman Filtering
algorithm. For this system, the gravity of the end-effector is the
major factor needed to be compensated. Zero-drifts of the
sensor is assumed as follows:

F0 = [ fx0

fy0

fz0

mx0

mx0

mx0 ]

T

(1)

where fx0, fy0, fz0, mx0, my0, mz0 are the zero-drifts along axle
direction. When the end-effector is not in contact with other
components, six-axis force sensor measure the force due to the
gravity of its flange and the end-effector, whom are
considered as a whole. As is known to all, the attitude of robot
is described by 3×3 matrix:
 nx o x a x 
T =  ny o y ax 
(2)
 nz oz ax 

The force coordinate system has only translation with
respect to the end coordinate system without rotation, so
the attitudes of the two are the same. Suppose that, the
gravity needed to be compensated is G and the mass center
is (xg，yg，zg) in force coordinate system. Since the gravity
vector is g=[0 0 G] whose direction is just the opposite of
the Z axis of the world coordinate system, the force and
moment components of extra weight in the force coordinate
system can be expressed as:
Gnz
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Gaz
Fg = 

Gaz y g − Goz z g 
 Gnz z g − Gaz xg 


Goz xg − Gnz y g 

(3)

When the end-effector is not in contact with the environment,
the force sensor reads as follows:
F = F0 + Fg
(4)

θ1~θ6 are joint variables that we can read from the robot and
the following formula can be obtained:
nz = (( −c2 s3 − s2 c3 )c4 c5 + ( s2 s3 − c2c3 ) s5 )c6

− (−c2 s3 − s2c3 ) s4 s6

(5)
oz = −(( −c2 s3 − s2c3 )c4 c5 + ( s2 s3 − c2 c3 ) s5 ) s6

− (−c2 s3 − s2c3 ) s4 c6

az = −( −c2 s3 − s2 c3 )c4 s5 + ( s2 s3 − c2 c3 )c5
where, si=sinθi, ci=cosθi. Ten unknowns in formula (4) include
six zero-drifts and four gravity parameters, and at least two
different attitudes of the robot are required to calculate the
compensations. Actually, the readings of sensor will be
affected by inertia. Fortunately, we let the end-effector move
at a constant and low speed for purpose of stability so that the
effect of inertial can be ignored.

The force coordinate system is used as the reference
coordinate system for the alignment process. When the nut is
assembled, a contact force Ft is generated at the contact part
which has mapping relationship with force sensor readings (Fs)
in the force coordinate system. Since each contact state is a
static equilibrium, the contact force and the measuring force
are on the same plane (P). Geometric symbols are specified as
shown in Fig. 4 and the following formula can be obtained:

B. Alignment
The robot location error and calibration error are the main
causes of pose error between Hi-Lite Bolt and Hi-Lite Collar
consists of position error and attitude error. In order to
complete the assembly, the pose error must be adjusted to keep
the bolt and nut in contact with each other correctly. Force
feedback closed-loop control strategy provides a solution for
the above issues and makes the system has a certain flexibility.

 msx   f sz l y − f sy lz 


m s =  msy  =  f sx lz − f sz lx 
(10)
 msz   f sy l x − f sx l y 
where, lx，ly，lz is the arm of contact force along each axis in
the force coordinate system. When the nut is aligned with the
bolt:
f sz ≠ 0, l z ≠ 0
(11)
lx = l y = 0, f sx = f sy = 0
(12)

Before starting to screw, not only do the bolt and nut be
aligned, but the locating rod needs to be inserted into the
internal hex drive of the bolt. Two alternative ways to
implement this process:
(a) Insert the rod, then screw up just like a manual operation.
(b) Align the nut with the bolt, then insert the rod, and screw
up at last.
In the method (a), because of hexagon cross-section of the
locating rod, a additional phase error must be considered when
the insertion process is going on. What's more, higher location
accuracy is required for the smaller Hi-Lite Bolt. Method (b),
by contrast, is a better way because the alignment process is
simplified to a relatively simple peg-in-hole assembly problem.
On the other hand, larger size of the counterbore is beneficial
to improve the robustness of the system by providing a greater
tolerance range of the location error. As to the locating rod
insertion problem, we can solve it by planning the assembly
process properly.
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Fig .4 Relational model of bolt and nut
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Formula (10) can be expressed in matrix form as follow:
 0
f sz − f sy  lx   msx 


0
f sx  l y  =  msy 
(13)
 − f sz
 f sy − f sx
  lz   msz 
0


Ax = b
(14)
Because the determinant of square A is 0, which is a singular
matrix, so its inverse matrix does not exist and there is no
unique solution to the equation. Therefore, the accurate
contact point position can not be obtained by formula (13). In
other words, estimating contact states with arm is infeasible,
while, completing alignment rely on the perception comprised
of measured force and torque values seems like a good idea. d
is the position error and α is the angle error between the nut
and bolt. They are compounded by robot system errors and
calibration error as shown in Fig. 4(b).
 d x = d cos θ
(15)

 d y = d sin θ

( tan α x )

2

+ ( tan α y ) = ( tan α )
2

2

(16)

α x = tan ( tan α sin θ )
(17)

−1
α y = tan ( tan α cos θ )
Consider of the complicated contact status between the
bolt and nut, it is very difficult to establish a mathematical
model of the pose error. We draw lessons from the process of
blindfolded assembling, that is, eliminate the position first to
insert the bolt into the bottom of the nut counterbore, then
adjust the relative angle of the two, so that the bolt and nut
keep the axes coincident and aligned. In accordance with the
general theory of peg-in-hole assembly [14-15], the assembly
−1

z

y

Ft = [ f t

process can be divided into search phase and insertion phase.
Assume that the bolt has fallen into the counterbore through
visual guide [16] or search strategy [17], What you need to do
next is adjusting the relative pose refer to contact force
information, in this case, the residual position error is within
±1mm and the angle error is within ±5°.

(a)
(b)
Fig .5 Schematic diagram of error adjustment strategy

In order to ensure that the bolt and nut are in reliable
contact, a proper contact force (Fcontact) should be maintained
along the z axis of the force coordinate system. The position
error is adjusted according to fsx and fsy before the bolt is
inserted into the bottom of the counterbore, while, the angle
error is adjusted according to fsx, fsy and msx, msy after insertion
as shown in Fig. 5(a) and Fig. 5(b). Specifically, the end of the
robot translates or rotates in the direction acquired by formula
(9) to make the error converge. An appropriate threshold (Fd)is
set to determine which adjustment need to be made and a
threshold (Fα) is used to judge whether the nut is aligned with
the bolt or not. Note that the angle error can’t be eliminated
completely and about 1° remains because the sensor's precision,
which needs to be adjusted according to msx and msy when
screwing the nut.
C. Nut Tightening
Considering of the characteristics of build-in preload, it’s
not necessary to control tightening torque in the Hi-Lite Collars
assembly. The fastening process is divided into screwing stage,
attaching stage and broken stage as shown in Fig. 6. In
screwing stage, the tightening torque is very small, and a
higher speed of revolving is needed to improve efficiency. In
attaching stage, the torque increases sharply, and the speed
must slow down to prevent to prevent the damage to the endeffector and the workpiece. When the nut is twisted off, the
torque drops suddenly and the end-effector should stop
working. How to judge the broken of the nut and how to
control the motor speed are the problems we have to solve,
both of whom need to analyze the torque value. We obtain the
motor working current from the driver and assumed that the
current and resistance torque satisfy T=Ki, where K is torque
constant.
T

Screwing

Attaching

Broken

Fig .6 Diagram of fastening process

The fastening state is easily discriminating by the slope of
the torque curve if the actual current value isn’t discrete and
fluctuating. So we replace the slope with:

ΔT Tn − T1
=
(18)
Δt
ntd
where, Ti is the ith collection point, n is the number of points
to be collected and td is the interval of collection time. n needs
to be properly selected. In the process of screwing stage and
attaching stage, a cubic fitting curve is chosen to control the
motor speed and the control block diagram is shown in Fig. 7.
Tmax is the maximum torque for nuts of the same specification.
The motor speed can be expressed as follow:
 a (Tmax − T )3 + b (Tmax − T ) 2
ΔT / Δt ≥ 0

ω = +c (Tmax − T ) + d
(19)

ΔT / Δt < 0
0

Fig .7 Motor control block diagram

D. Control Strategy
In order to complete the assembly process, the whole
process is analyzed and an appropriate control strategy is
proposed as showen in Table I. The whole process is divided
four phases: contact, alignment, location and fastening. The
alignment algorithm in section B is used for alignment phase
and the tightening strategy in section C is used for fastening
phase.
TABLE I.

CONTROL STRATEGY

State

Condition

Contact

|Fz| ≥ Fcontact

Alignment
Location
Fastening

Fx = 0, Fy = 0, Fz = Fcontact
Mx = 0, My = 0, Mz = 0
Fx = 0, Fy = 0, Fz = Fcontact
Mx = 0, My = 0, |Mz| ≥ Mfixed
ΔT/Δt < 0

Movement
Start
Align
Fasten
Return

An assembly cycle is described as follow: The robot moves
quickly following the planned path and make the end-effector
reach the point P as shown in Fig. 8(a). Then slowly feed along
the z axis of the coordinate system fixed in bolt to prevent the
damage to the end-effector and the workpiece as shown in Fig.
8(b). When the contact condition is satisfied, alignment
controller is activated and adjust the system to satisfy the
alignment condition as shown in Fig. 8(c). At the moment,
maybe the location rod has been inserted into the internal hex
drive, or being pressured due to phase difference. In order to

eliminate the possible phase error, the sixth axis of the robot
will be rotated slightly until the x-moment exceeds the
threshold (Mfixed) as shown in Fig. 8(d). At the end, the endeffector twists off the nut and the robot returns.

P

Obviously, the errors belong to [-100μm, 100μm] if fsx = fsy =
0, which meets the assembly requirement. Figure (b) is the
fitted surface of fsx and fsy corresponding to different angle
errors within 0~5° when keeping Fcontact = 30N. As seen, the
errors belong to [-1°, 1°] if fsx = fsy = 0. Figure (c) is msx and
msy curves when choosing a angle about 1°(αx=0.6°, αy=0.8°)
and a speed of 5rmp. The curves change regularly which can be
used to eliminate the residual error.

Contact
Area

(a)

(b)
(c)
Fig .8 Key states diagram

(d)

IV. EXPERIMENT
A series of experiments are conducted in our laboratory to
verify the algorithm and viewpoint proposed in this paper. We
take the Hi-Lite Bolts/Collars of most widely used size as our
experimental materials and install them on the test-bed, Then
control the Fanuc M-20iA robot to complete the assembly task
follow our algorithm by manual or automatic method. The
force information collected by the sensor and the working
current feedback by motor have been processed by digital
filtering. The experimental platform is shown in Fig. 9.

(a) force of different position error

(b) force of different angle error
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(c) torque variation in threaded connections when αx=0.6°, αy=0.8°
Fig .10 Experimental results of alignment algorithm
Fig .9 Screw experiment platform

A series of attitudes are selected to verify the gravity
compensation algorithm and the force sensor readings are listed
in Table II. As seen, each component is well compensated
when there is no contact between the end-effector and the
environment.
TABLE II.

THE RESULT OF GRAVITY COMPENSATION

Attitude (J1~J6)
0, 0, 0, 0, -90, 0
0, 0, 0, 20, -75, 0
0, 0, 0, 40.65, -60.805, 0
15.5, 5, 20.56, 35, -78.56, 0
-12.68, -7.52, 10, -40.631, -75.99, 20.527

Maximum
error of
force
/N
0.3234
0.7529
1.0765
0.8335
3.4631

Maximum
error of
moment
/N.m
0.1721
0.3020
0.2796
0.4936
0.4688

The first part is alignment experiment and the results is
shown in Fig. 10. Figure (a) is the fitted surface of fsx and fsy
corresponding to different position errors when choosing a
random angle about 5°(αx=3°, αy=4°) and keeping Fcontact = 10N.

The second part is tightening experiment. In addition to
verifying that the algorithm can work as expected, the
assembly quality and the stability are very important
examination index. The end of the robot vibrates because of the
torque abrupt change when the nut is broken, and we adopt the
covariance of force sensor readings to measure the impact:

σ=

1
N

N

( f

f xyi =

xyi

− f xy

i =1

f xi 2 + f yi 2

)

2

(20)
(21)

where fxi and fyi is the measured force. Obviously, we want to
get a smaller σ. The experimental results are shown in Fig. 11.
Figure (a) is a torque curve at variable speed and Figure (b) is
a motor speed curve during the assembly process. Torque
variation just meets expectation in Fig. 6, and the tightening
velocity decreases smoothly as the torque increases, which
indicates the controller works. Figure (c) is force variation
after the assembly process at constant speed (20rpm, σ=4.37)
and variable speed (60-5rpm, a = 0.6465, b = 0.2944, c =

2.6335, d = 6.4048, σ=3.77). The smaller σ means less
fluctuation and better stability.
5

[2]

4
T (Nm)

[1]

3
2

[3]

1
0
0

100

200
300
Sampling Points

400

500

[4]

(a) torque variation during the assembly process
60
[5]
n (rpm)

40
20

fx (N)

0
0

[6]
1

2
3
4
T (Nm)
(b) speed variation during the assembly process
30
Constant Speed
20
Variable Speed
10

[7]

[8]

0

-10
-20
0

[9]
10

20
30
Sampling Points

10

Constant Speed
Variable Speed

5
fy (N)

40

[10]

0
-5

-10
0

[11]
10

20
30
Sampling Points

40

(c) force variation after the assembly process
Fig .11 Experimental results of nut tightening
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V. CONCLUSION AND FUTURE WORK
The paper presents a robot system for the automatic
assembly process of Hi-Lite Bolts which can achieve the
assembly force perception function by using the six-axis force
sensor installed in the end-effector. A corresponding control
strategy is proposed as well to complete the alignment in small
error region and the twist-off in the Hi-Lite Bolts assembly
process through the analysis of the alignment model and design
of tightening controller, which can meet the assembly
requirements. The experiment results show that the control
strategy and algorithm proposed in this paper is effective and
feasible, and it is suitable for automatic assembly of Hi-Lite
Bolts. In the future, the alignment algorithm will be perfected
and programmed, furthermore, the end-effecter needs to be
optimized to improve reliability and practicality.
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