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Abstract: The automated installation of hi-lok nuts by the robot is an effective way to replace tedious
manual labor. For this purpose, an appropriate end-effector needs to be designed to carry out the
feeding, alignment and fastening tasks. According to the installation process of hi-lok nuts, a motor
driven fastening tool is designed with two parts: the front nut runner and rear driving shaft. The
fastening task is modeled based on the force balances in the nut screwing action, which present the
nut runner can rotate the nut as well as feed it axially. Then, a feeding-alignment (FA) device is
designed to engage the nut feeding for fastening tool. The alignment action is modeled through
the force balance about hi-lok nut involved with the nut gripper and nut runner. Finally, a tool
end-effector has been built and integrated with an industrial robot. The successful implementation
of automated installation of hi-lok nut demonstrates the effectiveness of the proposed installation
method and the validation of the designed robotic end-effector.

Keywords: hi-lok nut; automated installation; end-effector; fastening; alignment

1. Introduction

Assembly is regarded as the most important step of aircraft manufacturing, accounting
for 45%–60% of the total aircraft manufacturing effort [1]. In each stage of aircraft assembly,
rivets, bolts and other mechanical fasteners are used for various part joining. Compared
to others, the hi-lok is light weight yet with high strength and large clamping force [2].
Therefore, the hi-lok (including Titanium alloy hi-lok bolt and Aluminum alloy hi-lok nut)
has been used as an all-purpose fastener for joining the primary structural parts of aircraft.
However, due to its complexity in fastening process, the hi-lok is mainly installed through
manual operation.

To improve manufacturing efficiency and relieve costly human labor, commercial robot
manipulators have been applied to automate operations. According to specific operated
requirements, some new robots are designed and developed [3–6]. In the field of aircraft
assembly, 6R industrial robots are widely used to automate drilling and fastening joints [7,8].
Robotic drilling technology has matured after many studies on system integration, software
development and robotic drilling parameters [9–11]. Robotic riveting technology has also
been developed for single robot riveting and dual-robot riveting [12,13]. For the specific
fastening operation in the aircraft wing-box, a new manipulator has been designed and the
fastening process in narrow space is developed [14]. So the current trend is to use robot
manipulators for automatic hi-lok installation.

A key in robotic automation is to design a tool end-effector. For the hi-lok, the related
research on screws and bolts can be looked at for application of automatic installation, for
example, fastener installation machine [15], automatic installation software [16], industrial
robot integration [17], force feedback control [18], visual feedback control [19], etc. However,
for robotic installation of the hi-lok, very limited study has been carried out, so far only
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on fastening tool design and control strategy [20], and a conceptual design of a robotic
end-effector [21]. Therefore, this gap has motivated our research.

In this paper, firstly the process of hi-lok installation is described and the critical
problem for automation is presented. Then, a fastening tool is designed by using one motor
to realize the screwing and axial feeding of the hi-lok nut. In addition, an feeding-alignment
(FA) device is designed to engage the hi-lok nut with the fastening tool automatically.
Further, engineering analysis is performed to verify the design. Finally, the proposed
end-effector including fastening tool and FA device is fabricated and integrated with an
industrial robot system. In what follows, the details are provided.

2. Process of Hi-Lok Installation

As far as the hi-lok nut is concerned, it consists of a thread collar and a hex head,
connected by a thin break-off groove that breaks under a specified torque as shown on the
left of Figure 1. Before the hi-lok nut is installed (the middle of Figure 1), the nut runner
first engages the hex head while the hex key placed inside the nut runner enters the hex
hole of the hi-lok bolt. This initial engagement will align the nut runner with the nut and
the bolt. Then, the nut is progressively tightened by the nut runner whereas the hex key
prevents the bolt from spinning. When the torque reaches a designated value, the hex
head of the nut will be sheared off along the break-off groove. At this point, installation is
completed, and the nut runner retracts from the nut spot, as shown on the right of Figure 1.
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Figure 1. Installation process of hi-lok nut.

Before installing a hi-lok nut, there are two critical issues: (i) alignment of the inner
hex socket of the nut runner with the outer hex head of the nut, (ii) alignment of the outer
hex key of the nut runner with the inner hex hole of the hi-lok bolt. During installation, the
third issue is to ensure that the nut runner can feed the nut axially as it turns. Therefore,
the key for automation of hi-lok nut installation is to solve these three problems.

Robotic automation requires the design of a proper tool end-effector that should
contain: (i) a nut runner and a hex key for screwing, (ii) an aligning device for engaging the
nut runner onto the nut hex head. The second alignment between the hex key and the bolt
is proposed to be realized by calibration.

3. Fastening Tool and Screwing Model

In practice, a hi-lok is classified by the bolt diameters, with M5, M6, M8 and M10 being
common ones used in aircraft assembly. In our design, the M6 bolt is selected because of its
major usage in aircraft. For this reason, a fixed size M6 nut runner and hex key are chosen
as the fastening tool. A stepper motor is used as the power source with an output torque
of 0.5–1.5 Nm. Since this value is smaller than the shear-off torque of the hi-lok nut (M6:
4–6 Nm), a gear reducer is designed with a gear ratio of 1:10 to increase the output torque
to 5–15 Nm.
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3.1. Design of Fastening Tool

According to the afore-mentioned process requirements, a fastening tool is designed as
shown in Figure 2. The stepper motor described above is connected to a planetary reducer
and a pair of gears (total gear ratio 1:10) to transfer the power to rotating the driving hollow
shaft. The guide pins are used to transfer the rotation from the rear driving shaft to the nut
runner in the front. Both the nut runner and the driving shaft are supported by front and
rear plate mounted on the base plate. The nut runner is designed as hollow in the center so
that the hex key can passe through. The front end of the hex key has an outer hexagonal
head, which is inserted into the hex hole of the hi-lok bolt. The rear end of the hex key is of
a flat surface inserted into the slot of the check plate to stop the hi-lok bolt from spinning
when the hi-lok nut is rotated for tightening.
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The core of our design is to connect the two afore-mentioned parts: (i) front nut runner
and (ii) rear hollow shaft. As shown in Figure 3, the small diameter end of the front nut
runner is mated with the large hole of the rear hollow shaft with a clearance fit. The front
nut runner is cut with a guide groove, and a guide pin is placed on the hollow shaft. The
connection of the guide pin and the guide groove ensures two actions: (i) the torque is
transferred from the rear hollow shaft to the front nut runner for screwing the nut, (ii) the
axial feeding of the nut can be realized. For the reliability of the two actions, two sets of
guide pin and groove are symmetrically arranged along the circumference. According to
the required distance of the axial feed, the length of the large hole of the rear hollow shaft
and the length of the guide groove of the nut runner are designed. Figure 3 shows the
initial and final state of screwing a hi-lok nut. At the beginning, the spring is compressed to
press the hi-lok nut onto the tail of the hi-lok bolt (Figure 3a). As the nut runner rotates, it
will move linearly to the right along the guide groove to tighten the nut until its completion.
At this time, the spring is relaxed (Figure 3b).
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3.2. Modeling of Nut Screwing

This modeling is to examine if the proposed design provides sufficient power for nut
screwing. According to the afore-mentioned fastening motion, the hi-lok nut is gradually
screwed onto the hi-lok bolt under the torque transferred to the nut runner from the motor
through the rear shaft. Two force models are provided. The first one is the force between
the hi-lok nut and bolt at the screwing surface, the second one is the force at the interacting
point of the guide pin and guide groove. The combination of the two will determine
whether the axial feed of the nut runner can be properly carried out.

Figure 4 depicts the screwing action. The screw thread of the bolt with pitch p and
lead angle λ is unwrapped along the middle diameter d2, and the hi-lok nut is simplified
as a block. The relative movement of the block along the inclined plane represents the
process of the nut-bolt screwing. Under a constant small torque T, the block is assumed to
move downwards for tightening along the inclined plane at a constant speed. The force
analysis is carried out, as shown in Figure 4. The nut is subjected to the combined action of
driving force Ft, axial force Q, supporting force N and friction force Ff. In Figure 4, R is the
resultant force of the supporting force and friction force, and ρ is the friction angle between
the supporting force and resultant force.
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The driving force Ft1 is caused by the nut runner torque T1, and their relationship is
presented as follows:

T = Ft · (d2/2) (1)

The axial force Q in the direction of the nut feeding is applied by the nut runner to the
hi-lok nut, which mainly because of the spring compression force. According to Figure 4
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(right), the force relationship between the driving force and the axial force is expressed
as follows:

Ft = Q tan(ρ + λ) (2)

where the screw lead angle λ = arctan(p/(πd2)), the friction angle ρ = arctan fv, equiv-
alent friction coefficient fv = f / cos γ, f is friction coefficient between bolt and nut, γ is
tooth profile angle of the screw thread.

According to Equations (1) and (2), the axial force can be obtained as:

Q = (2T/d2)/ tan(ρ + λ) (3)

Further, the force model between the guide groove and the guide pin is established
on the nut runner, as shown in Figure 5. At the interacting point (pin location), the guide
groove of the nut runner is subjected to the combined action of guide pin force Ftd, friction
force Ffd, axial force Q and spring force Fs.
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Figure 5. Force state of nut runner.

According to the law of action and reaction, the nut runner subjects to the axial force
Q′, which is equal to Q in the value, but is opposite in the direction. They can be understood
as the static friction force between the hex socket of nut runner and hex head of hi-lok nut.

Q1
′ = −Q1 (4)

The torque T will be transferred from the guide pin of the rear hollow shaft to the nut
runner so the normal force Ftd and friction force Ffd (to the left) of the guide pin acting on
the guide groove can be obtained as

Ftd = T/(d/2) (5)

Ff d = fd · Ftd = fd · (2T/d) (6)

where fd is the friction coefficient between the guide pin and groove.
In the axial direction (to the right), the nut runner is subjected to the combined axial

force and spring force:
Q′ + Fs= (2 T/d2)/ tan(ρ + λ) + Fs (7)

By comparing Equations (6) and (7), there are several inequality conditions fd < 1, d > d2,
tan(ρ + λ) < 1, so Ffd < Q′. Therefore, in the axial direction, the following inequality holds:

Ff d2 < Q2
′ + Fs (8)

The above formula can be regard as the necessary condition for the nut runner with
the guide groove moving forward along the guide pin. It shows that the front the nut
runner can follow the axial feed of the hi-lok nut to realize screwing.
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4. FA Device and Alignment Method
4.1. Design of Feeding-Alignment (FA) Device

In practice, hi-lok nuts need to be fed from a supply source to the fastening tool. For
this reason, a nut feeder is designed to provide two functions. One is to transport nuts
through a feeding line to the front of the nut runner, and the other is to align the nut with
the nut runner for the subsequent fastening operation.

In relation to the feeding direction, the thread collar of the hi-lok nut (Figure 1) is at
the front. Because the thread collar section is cylindrical, a pneumatic pipeline is chosen
to transport hi-lok nuts from a nut supply source (similarly to rivet feeding for robotic
riveting [8]). Since it is not possible to air pump each nut directly to the front of the nut
runner, a nut FA device is designed. As shown in Figure 6, the FA device consists of a
pneumatic delivery pipe, a screw-nut linear module, a pneumatic slider, a guide module
for aligning, and a nut gripper. As shown in Figure 6a, first the gripper opens to grasp a
hi-lok nut from the delivery pipe. Then, the linear module drives the pneumatic slider,
the guide module, and the pneumatic gripper forward to the top of the nut runner. The
pneumatic slider lowers the hi-lok nut to the front of the nut runner, as shown in Figure 6b.
The alignment task is carried out by the guide module in conjunction with the fastening
tool. After the hi-lok nut is inserted into the socket of the nut runner, the gripper releases
the nut, and the FA device returns to its initial position.
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Figure 6. FA device, (a) state obtained the nut (b) state reached the alignment position.

Figure 7a shows the design of the nut gripper consisting of the upper and lower finger.
The two fingers are both designed to have the inner circular slots with the end sides. The
length of the circular slots is equal to the length of the cylindric thread collar of the nut,
and the diameter of the circular slots is slightly larger than the diameter of the cylindric
thread collar of the nut, so that the hi-lok nut can be rotated inside the gripper for the
following alignment. At the opening stage as shown in Figure 7b, when the two fingers
open, a nut will be air pumped into the fingers and stopped by the end sides. Then, as the
gripper closes, the circular slots of the fingers will naturally find the cylindric part of the
nut (thread collar), as shown in Figure 7c. At the closing stage as shown in Figure 7d, the
nut will be completely grabbed by the gripper.
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Figure 8 shows the design of the guide module for the subsequent alignment. This
module is composed of an extended plate (wider than the pneumatic slider), a connecting
plate jointed with a pneumatic cylinder, a small spring, and several guide rods. As shown
in Figure 8a, after being grasped by the gripper, the axis of the hi-lok nut is aligned with
the axis of the nut runner, but the two hexagons (the hex head of the nut and the hex socket
of the nut runner) are not aligned.

For this hexagon alignment, the linear module needs to drive the pneumatic slider
backward by a certain distance, so that the hex head of the hi-lok nut is pressed against
the socket of the nut runner, as shown in Figure 8b. At this time, the small spring is
compressed by x1 along the three guide rods, and the connecting plate is separated from
the extended plate. The large spring is also compressed by x2 so the actual moving distance
of the linear module is x1 − x2. Then, the nut runner is set to rotate by 60◦ as the angle
(360◦/6) is enough for the hexagon alignment. During alignment, the hi-lok nut remains
static under the friction force from the gripper end sides, while the nut runner rotates in the
circumferential direction to engage the hex socket of the nut runner with the hex head of the
nut. As shown by the red curved arrow in Figure 8c, the hexagon alignment is successful at
the circumferential angle α, and the hex head of the nut enters the hex socket of the nut
runner. Now, the springs are relaxed, and the total movement distance of the gripper with
respect to the nut runner is x1 + x2. After hexagon alignment, the nut runner will continue
rotating till reaching the preset 60◦ and then stop.

Apparently, the proposed alignment method is based on friction and spring, and hence
the following modeling is provided for proper component design.
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4.2. Modeling of Nut Alignment

By resorting to Figure 8b, the spring forces from the compression of the small and
large spring are illustrated in Figure 9. By denoting the small and large spring stiffness by
ks1 and ks2, and the compressions by x1 and x2, respectively, the spring forces of Fs1 (small
spring) and Fs2 (large spring) are expressed as

Fs1 = ks1 · x1 (9)

Fs2 = ks2 · x2 (10)
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Additionally, according to Figure 8c, the hex head of the hi-lok nut is fully embedded
into the inner hex socket of the nut runner after successful alignment. If the length of the
nut hex head is Lt, the following equation should hold

x1 + x2 = Lt (11)

If x1 is given as the maximum compression distance of the small spring, the large
spring compression distance x2 can be obtained from Equation (11). Thus, the backward
distance of the slider (from Figure 8a,b) can be solved as

x1 − x2 = 2x1 − Lt (12)

Now let us examine the force state for the alignment. For this purpose, Figure 10 is
provided to show all the forces on the hi-lok nut during the alignment with the socket of
the nut runner. In the axial direction, the hi-lok nut is subjected to the gripper pressure
force and the nut runner pressure force. The gripper pressure comes from the small spring
compression force Fs1, and the nut runner pressure force comes from the large spring force
Fs2. Because the hi-lok is axially static, the two forces from the two sides are equal in
magnitude but in opposite directions, that is

Fs1 = −Fs2 (13)
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Circumferentially, the two friction forces need to be looked at. Let the friction coeffi-
cient between the end sides of the two fingers and the front surface of the nut be f 1, and the
friction coefficient between the front surface of the socket of the nut runner and the rear
surface of the nut be f 2, then the respective friction force Ff1 and Ff2 are expressed as{

Ff 1 = f1 · Fs1
Ff 2 = f2 · Fs2

(14)

and the respective friction torques can be given as{
Tf 1 = r f · Ff 1 = r f · f1 · Fs1
Tf 2 = rr · Ff 2 = rr · f2 · Fs2

(15)

where rf and rr are the radius, as shown in Figure 10, respectively.
For the proposed aligning process, the socket of the nut runner will remain rotating

with respect to the hi-lok nut which remains stationary in the circumferential direction. To
accomplish this design goal, the front torque of the hi-lok nut should be greater than the
rear torque, that is

Tf 1 ≥ Tf 2 (16)

According to the features of the front and rear section of the hi-lok nut (Figure 10), it is
obvious that the front radius rf (thread collar) is greater than that of the rear rr (hex head).



Coatings 2022, 12, 904 10 of 16

To meet the inequality Equation (16), the necessary condition is that Ff1 should be greater
than Ff2. Further, because of the equivalence of Fs1 and Fs2, the following should hold

f1 ≥ f2 (17)

which indicates that the gripper fingers should be constructed with a high friction material.

5. Experiment and Results
5.1. Experimental Platform and Automated Installation

Based on the preceding analysis, the proposed fastening tool and the FA device were
designed, fabricated, and mounted on the same base plate to form a tool end-effector. The
position of the center of gravity on the base plate is used to install the end-effector on the
mounting plate of an LEANTEC industrial robot. An aluminum frame is set up as a jig to
hold the specimen for the hi-lok installation. The complete experiment platform is shown
in Figure 11.
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Figure 11. Experimental platform for hi-lok nut automated installation.

Figure 12 outlines the control system of the experimental platform. A PLC (SIEMENS
S7-200) is used as the end-effector controller to control two electromagnetic valves and two
stepper motors. Electromagnetic valve 1 is used to control the nut gripper for nut clamping
and releasing; electromagnetic valve 2 is used to control the pneumatic slider for moving
the nut from the delivery pipe down to the nut runner and back. One stepper motor is for
the FA device, and another is the reduced motor on the fastening tool for tightening. The
PLC controller is integrated with the robot controller.
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robotic motion from the calibration position to the local installation sites, just the position 
of end-effector need to be changed, the orientation remain unchanged. By the robotic 

Figure 12. Control system of experimental platform.

For the installation test, the specimen was designed and prepared, as shown in
Figure 13. The specimen consisted of two Al-alloy plates (10 mm thickness), with 8 installa-
tion positions and a calibration position, the installation hole centre distance is 50 mm, the
tolerance is ±0.025 mm. The titanium alloy hi-lok bolt (M6) with a length of 10 mm and the
aluminum alloy hi-lok nut (M6) were chosen. Their surfaces are coated to prevent corrosion
and reduce friction [22]. The hi-lok bolts were pressed into the hole with small inference fit
size of 0.5%, and the hex hole of the bolts had the same circumferential orientation.
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Figure 13. Test specimen (unit: mm).

Before the installation, the robot takes the end-effector close to the specimen for
calibration the relative position. As shown in Figure 14, through the teaching robot motion,
the nut runner is aligned with the calibration circle on the specimen, hex key is inserted
into the calibration hole, and the pose of robot with respective to the specimen can be
obtained. Then, just the sixth joint of robot is rotated, ensuring the alignment between the
hex key and hex hole of hi-lok bolt, as shown in the bottom of Figure 14. In the following
robotic motion from the calibration position to the local installation sites, just the position
of end-effector need to be changed, the orientation remain unchanged. By the robotic
kinematics principle [23], the end-effector position is determined by the motion of the
former joints (1–3 joints) in the 6R industrial robot. So here the location on the installation
site (the tail of hi-lok bolt) can be realized following the robotic principle of the inverse



Coatings 2022, 12, 904 12 of 16

kinematics and simple motion planning. The accuracy of robot location entirely satisfies
the installation positioning requirement.
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Figure 14. Position aligning between end effector and specimen.

Figure 15 describes the operation sequence of automated hi-lok nut installation. The
process starts with transporting the hi-lok nut from the pipeline to the gripper, clamping
the nut by the two fingers, carrying the nut forward by the linear module, carrying the nut
down to the front of the nut runner by the pneumatic slider, aligning the nut with the nut
runner by the FA device and fastening tool, releasing the nut from the gripper, returning
the FA to the initial position, the end-effector locating to the installation site, and tightening
the nut onto the bolt by the fastening tool. One cycle is completed and the robot moves
onto the next installation position to repeat the same process.
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5.2. Results and Discussion

According to the above-described process sequence, the experiment was conducted,
and the specimen installed hi-lok nuts is shown in Figure 16. The experiment results is
fit to the installation requirements, the operation of nut delivery, nut alignment, and nut
fastening was implemented smoothly. It proved that the proposed installation process is
feasible and the design of the end-effector (include fastening tool and FA device) is valid
in general.
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ture of gripper finger is initially determined, and printed using 3D printer. By the actual 
test, the detailed dimensions of the finger are modified and optimized. For example, the 
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the finger and hi-lok nut should be larger than the friction coefficient between the nut 
runner and hi-lok nut (shown as Equation (17)). Actually, the 3D print material PLA is 
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spring (ks1 = 0.3 N/mm). It was ready for the subsequent operation. 

Figure 16. Specimen installed hi-lok nuts.

Figure 17 shows the actual operation of nut feeding and alignment. From the left, the
first image is the nut being pumped through the pipe and clamped by the gripper; the
middle image is the nut being moved to the front of the nut runner; and the last image is
the nut being inserted into the nut runner.
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Figure 17. Feeding and aligning of hi-lok nut.

In the phase of nut transporting and aligning, a critical function is the gripper obtaining
and clamping the nut. According to the design of FA device in Section 4.1, the structure of
gripper finger is initially determined, and printed using 3D printer. By the actual test, the
detailed dimensions of the finger are modified and optimized. For example, the diameter of
circle slot (in Figure 7a) is re-designed larger 0.1–0.2 mm than the initial dimension, on the
basis of satisfying the gripping function, it is more advantageous to serve the subsequent
alignment operation.

Another function of FA device is the nut alignment with the nut runner. From the
modelling of Section 4.2, the conclusion is obtained that the coefficient of friction between
the finger and hi-lok nut should be larger than the friction coefficient between the nut runner
and hi-lok nut (shown as Equation (17)). Actually, the 3D print material PLA is chosen
for the gripper finger, and the high-quality steel for the nut runner, the former friction
coefficient (about 0.3) is greater than the latter (about 0.15). The alignment experiment
also verified the conclusion from the modelling. In the experiment, when the hex was
aligned, the nut head was put into the runner under the force of small compression spring
(ks1 = 0.3 N/mm). It was ready for the subsequent operation.
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Figure 18 shows the actual operation of nut fastening. From the left, the first image is
the nut being brought to engage with the bolt; the middle image is the nut being tightened;
and the last image is the installation completed with the nut runner being retracted.
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According to the design principle of fastening tool in Section 3.1, the actual tool was
fabricated for the nut installation. The nut screwing model in Section 3.2 explained that
When the nut is turned under the torque, derived axial force is enough to overcome the
friction from the guide pin, the nut runner can feed forward with respect to rear shaft. It also
was verified by the experiment. From the left image to the middle image in Figure 17, the
rear shaft of fastening tool just rotated, and the nut runner can axially fed as well as rotated.
The large spring (ks2 = 0.9 N/mm) was under the state of compression at the beginning,
as the screwing was implemented, the gradual release of the spring also indicates axial
relative motion. When the torque of nut runner exceed 4–6 Nm, the hex head of hi-lok nut
would be broken-off and the installation was completed.

Although hi-lok nut installation tests have been completed. However, there are still
some idealized and impractical aspects in the experiment: 1. For the sake of simplicity, the
aircraft assembly panel that was originally curved is idealized as a flat plate. 2. In order
to verify the proposed installation method, the motion of the operation is set slowly and
the assembly efficiency is low. 3. The design of the end effector needs to be improved. For
example, when the hex head of the nut is sheared-off, it needs to be taken out from the nut
runner manually in the experiments. 4. The method of calibration holes here is only used
for experiments, can not be used in actual production because of low efficiency. 5. There
is only qualitatively verifies the installation method and the robotic end-effector, lack of
various sensors for measurement, such as the actual torque and the motion accuracy.

Based on the above deficiency, the future work is as follows: 1. Improving and
perfecting the tool end effector, and optimizing the installation process. 2. Introducing
the robot vision to replace the simple calibration hole method, carrying out robot motion
planning to improve assembly efficient for the complex assembly objects. 3. Adding the
sensors at the end-effector to accurately control the tightening force of the nut and the
motion accuracy in the alignment.

6. Conclusions

1. Automation of hi-lok nut installation requires a robot and a tool end-effector, the latter
includes the feeding-aligning (FA) device and the fastening tool.

2. The FA device should be designed with two functions: the nut clamping by the
gripper, and the hex alignment of the nut with the nut runner. The alignment model
shows that it is realized by proper selection of the finger material with high friction.

3. The fastening tool should be designed with two parts: the front nut runner and the
rear shaft. Mechanical model presents the nut runner not only for the torque transfer
but also for the axial feeding of the nut into the bolt.
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4. Automated installation experiments were implemented successfully. The results have
demonstrated the proposed hi-lok installation method is feasible and the designed
end-effector is valid.
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