
Mech. Sci., 17, 19–31, 2026
https://doi.org/10.5194/ms-17-19-2026
© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

Design and experimental verification of the loading
mechanism for a compact bolt installation tool

Li Wensheng1,2, Wu Kun2, Wang Shuai3, Xia Binhong1, Zuo Dunwen2, and Lu Wenzhuang2

1Tianjin Key Laboratory of Fastening Technology, Tianjin Aerospace Precision Products Inc., Ltd,
Tianjin 300308, China

2College of Mechanical & Electrical Engineering, Nanjing University of Aeronautics and Astronautics,
Nanjing 210016, China

3Beijing Institute of Aerospace Systems Engineering, Beijing 100076, China

Correspondence: Lu Wenzhuang (meewzlu@nuaa.edu.cn)

Received: 15 October 2025 – Revised: 13 December 2025 – Accepted: 17 December 2025 – Published: 23 January 2026

Abstract. In this study, a bolt installation tool loading mechanism has been developed to overcome the con-
straints posed by compact space in the assembly of aero-engines and airframes. The loading mechanism features
a thin-walled structure, allowing it to adapt to compact working space, and achieves high torque output through
the coordinated drive of the ratchet–pawl mechanism and the hydraulic cylinder. A detailed design was carried
out for the thin-walled structure, force arm dimensions, and ratchet tooth profile in the loading mechanism.
Through dynamic simulation analysis, the strength safety of key components under a torque of 120 Nm and the
rationality of symmetrical design were verified. Experimental results demonstrated that the tool can deliver an
average torque of 136.3 Nm within a space as narrow as 4 mm, fulfilling the design requirements. The findings
of this paper provide a reliable solution for the assembly of high-strength bolts in the compact space of a lean
engine, significantly enhancing assembly efficiency and safety.

1 Introduction

Threaded connections are widely used and are essential for
connecting components in aircraft and their engines (Li et al.,
2023). Proper installation and removal of bolts are critical
steps in the assembly process as the reliability of these con-
nections directly impacts the safety of both the aircraft and its
engines (Liu et al., 2022a). During the assembly and main-
tenance of aircraft engines and airframes, compact designs
often lead to significant space constraints when installing or
removing certain bolts (Wang and Chen, 2020). Additionally,
fasteners are typically manufactured from superalloy mate-
rials (Boyer et al., 2015), which require a tensile strength
grade of over 900 MPa (Chen et al., 2023). Therefore, a high-
precision assembly torque must be applied (Rousseau and
Bouzid, 2024). In practical assembly operations, the opera-
tor often relies on an open-end manual wrench to perform
small-angle reciprocating loading. This approach leads to
decreased assembly reliability, lower operational efficiency,
and increased labor intensity.

Electric wrenches and electric impact wrenches provide
precise control over torque (Wang et al., 2024; He and Wu,
2018), making them suitable for assembly operations that re-
quire high accuracy. However, when high torque is necessary,
these tools often depend on powerful motors, which can in-
crease their size and make them unsuitable for use in compact
spaces. Hydraulic wrenches deliver very high torque output
using hydraulic systems. They are commonly employed in
applications that require significant torque and offer a stable
and robust torque output (Yang et al., 2016). However, they
are unsuitable for compact spaces.

Jiang et al. (2023) proposed a new type of humanoid robot
featuring a compact S-shaped arm structure. This arm con-
sists of one prismatic joint and four rotary joints, enabling
flexible positioning and operation of bolts in tight spaces.
However, the design primarily addresses scenarios with com-
pact axial space and does not resolve issues related to radial
space constraints.
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Ma et al. (2015) proposed a new wrench design that in-
corporates a flexible hinge. This wrench features an opening
in the hinge, allowing it to transmit torque while tightening.
During the return stroke, it can detach from the workpiece,
enabling a continuous assembly operation even in compact
spaces. However, since the spanner is made of flexible mate-
rials, it is not suitable for applications that require handling
high torque. Zeng (2020) proposed a special wrench design
optimized for small spaces. This design utilizes a combina-
tion of flexible cable transmission and gear thread coupling
to enable continuous movement of the sleeve in compact ar-
eas. However, the low strength of the flexible cable makes it
unsuitable for applications that require high torque.

The transmission mechanism plays a crucial role in in-
stallation tools, with common modes including ratchet–pawl
transmission, gear transmission, and worm gear transmis-
sion. Gear drives are known for their compact structure and
high transmission efficiency (Croccolo et al., 2020). In con-
trast, worm gear drives can provide a high transmission ratio
but typically have lower efficiency (Honkalas et al., 2021).
Unlike these two types, ratchet–pawl transmission is a one-
way, intermittent motion mechanism that cannot achieve con-
tinuous transmission; however, it features a simple structure
and low manufacturing costs (Zhou et al., 2012; Li et al.,
2024). It is important to note that contact patterns differ be-
tween these systems. Gear and worm gear drives primarily
exhibit wire contact or near-wire contact (Ni et al., 2024;
Liu et al., 2022b), while ratchet–pawl mechanisms generally
show face contact during the meshing process. As a result,
under the same load conditions, the contact stress distribu-
tion in the ratchet–pawl transmission system is more favor-
able (Zhang and Ren, 2021). This characteristic helps reduce
the geometric size and overall volume of key stressed com-
ponents.

In this paper, we propose a new type of loading mecha-
nism designed to address existing challenges. This mecha-
nism combines a ratchet–pawl drive with a hydraulic cylin-
der, allowing for continuous one-way loading through the hy-
draulic cylinder’s reciprocating motion. This paper focuses
on two main areas: the design of a thin-walled structure suit-
able for compact spaces and the optimization of ratchet–
pawl tooth shapes to enhance overall strength. By conducting
finite-element simulation analysis and experimental verifica-
tion, we demonstrate that this loading mechanism can effec-
tively install large torque bolts within confined spaces. This
paper offers a reliable and efficient solution for the assembly
of high-strength bolts in compact environments and paves the
way for the development of intelligent and compact assembly
tools for advanced engineering applications.

This study was conducted with M12 bolts under the fol-
lowing conditions: the opposite-side size of the bolt head was
18 mm, the radial distance between the edge of the bolt head
and the constrained point was a minimum of 4 mm, and the
tightening torque was 120 Nm.

2 Loading mechanism structure design

2.1 Introduction to the loading mechanism structure

Figure 1 illustrates the structural composition of the loading
mechanism, which primarily consists of the sleeve, ratchet,
pawl, drive arms, baffles, hydraulic cylinder, and check
mechanism. The lower end of the sleeve is engaged with the
bolt, while the upper end connects to the ratchet, which, in
turn, is engaged with the pawl. The drive arm is positioned
on both sides of the ratchet. When the drive arm swings, the
pawl rotates, thereby driving the ratchet to rotate as well.
Baffles are positioned on either side of the drive arms; the
tail end of each baffle connects to the hydraulic cylinder,
which pushes the drive arm to swing. On the right side of
the ratchet, there is a check mechanism designed to prevent
the ratchet from reversing during the return stroke. The base
of the check mechanism and the left supporting plate work
together to support the baffle and maintain its parallelism.
Above the left supporting plate, a pin is connected to a ten-
sion spring, while the other end of the tension spring is fixed
to a screw located at the upper end of the pawl. This setup en-
sures that the pawl remains tightly engaged with the ratchet
under tension. The loading mechanism uses a unidirectional
hydraulic cylinder as its power source, which operates in two
stages: propulsion and return. The specific workflow is out-
lined as follows:

1. Propulsion stage. When the hydraulic system supplies
oil, the piston rod of the cylinder extends outward
due to hydraulic pressure, simultaneously stretching the
spring. The piston rod is rigidly connected to the drive
arm via a pin, causing the drive arm to swing forward.
As the pawl is fixed to the drive arm through the pin
and engages with the ratchet, the swinging motion of
the drive arm rotates the ratchet counterclockwise. This
drives the sleeve to rotate synchronously, enabling the
tightening of bolts or screws.

2. Return stage. After the hydraulic cylinder is depressur-
ized, the reset spring contracts, pulling the piston rod
back while the driving arm swings in the opposite di-
rection. At this point, the pawl slides along the tooth
surface of the ratchet. The check shaft locks the ratchet
due to spring pressure, preventing any reverse move-
ment. Once the piston rod is fully retracted, the pawl
re-engages with the ratchet, readying the mechanism for
the next working cycle.

2.2 Key structure design

2.2.1 Thin-wall structure design

Based on the introduction of the first section, we show the
compact space in Fig. 2b. In this figure, Dmax represents the
maximum size available in the radial space, Lmin denotes the
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Figure 1. Model diagram of the loading mechanism for the com-
pact bolt installation tool.

minimum distance between the bolt head and the constrained
point, and S indicates the thickness of the bolt head. Addi-
tionally, the maximum size of the radial space, Dmax, must
conform to the following formula:

Dmax = 2Lmin+
S

cos30°
. (1)

In this compact space, there are three components: the
baffle, the ratchet, and the sleeve. As illustrated in Fig. 2c,
D1 represents the outer diameter of the round hole in the baf-
fle,D2 indicates the diameter at both ends of the ratchet, S1 is
the distance measured between the opposite sides of the up-
per end of the sleeve, d1 denotes the thickness of the round
hole in the baffle, and d2 refers to the thickness at both ends
of the ratchet. The following relationships exist among these
parameters:

D1 = d1+ d2+
S1

cos30°
. (2)

The distance Lmin between the bolt head and the con-
strained point is very small, which results in the maximum
radial diameterDmax being very small. The outer diameter of
the round hole in the baffles must be less than the maximum
radial diameter available, meaning that D1 <Dmax. Accord-
ingly, the thickness of the round hole d1 in the baffles, the
thickness d2 at both ends of the ratchet, and the thickness of
the round hole in the drive arm are all minimal. As a result,
these components appear as thin-walled structures, as illus-
trated in Fig. 2a.

2.2.2 Drive arm design

The length of the drive arm is related to the stroke of the
hydraulic cylinder, the rotation angle of the drive arm, etc.
Therefore, a model is established, as shown in Fig. 3, which
includes the stroke of the hydraulic cylinder l, the effective
angle of one stroke rotation of the driving arm θ , the idle
angle θ1, the idle angle of the push stroke θ2, the idle angle

of the return stroke θ3, the movable length of the pin shaft h2,
and the length of the drive arm L. They have the following
relationship:

Lsin(θ1+ θ2+ θ + θ3)−D sinθ1 = l, (3)
h1 =D cos(θ1+ θ2+ θ + θ3), (4)
Lcosθ1−h1 = h2. (5)

We set the effective angle of the drive arm as θ = 360/z,
where z is the number of teeth of the ratchet. This setting
helps prevent misalignment between the ratchet and the pawl
during operation. Additionally, setting the idle angle can ef-
fectively resolve issues related to improper meshing between
the ratchet and pawl that may arise from manufacturing tol-
erances.

2.2.3 Ratchet design

According to the previous analysis, given the constraint of
the maximum available radial size, if the ratchet diame-
ter (D) is designed to be 28 mm and the intended modu-
lus (m) is 1 mm, the number of ratchet teeth (z) can be cal-
culated to be 28. According to the theoretical analysis, in-
creasing the number of meshing teeth can reduce the load
on individual teeth. However, the combined effect of multi-
ple ratchet teeth may increase the idle stroke needed for the
ratchet–pawl to transition from the non-meshing state to the
meshing state. If the idle stroke is excessive, it can lower the
transmission efficiency of the mechanism and increase the
impact on the ratchet. After a comprehensive evaluation, the
double-tooth meshing scheme has been chosen for this de-
sign.

The tooth deviation angle (θd) and the tooth profile angle
(θs) are crucial parameters that influence load distribution. If
the tooth deviation angle is either too large or too small, it
can negatively impact the load distribution between the two
teeth. As illustrated in Fig. 4a, when the tooth deviation angle
is denoted as θ5, the vertical line of the tooth surface moves
away from the center of rotation of the pawl. This misalign-
ment decreases the force on the first tooth while concentrat-
ing the load on the second tooth, leading to a significant im-
balance in force distribution. To quantitatively analyze this
phenomenon, a parametric model was developed using the
static-structure module (Wang et al., 2021). This model al-
lows for the observation of stress distribution characteristics
in double teeth under varying tooth angles.

One can simplify the model by retaining only the mov-
ing parts, as shown in Fig. 4b. Begin by using the “surface
mesh subdivision” command to regularize the mesh of the
contact surface between the ratchet and the pawl. Next, apply
the “surface size adjustment” command to refine the mesh to
ensure calculation accuracy. For all contact surfaces, utilize
frictional contact with a friction coefficient of 0.1. The con-
tact algorithm should employ a Lagrangian method to im-
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Figure 2. Design model diagrams of thin-walled structure: (a) thin-walled structure model diagram of each part of the loading mechanism;
(b) calculation model diagram of radial maximum available size in compact space; (c) wall thickness calculation model diagram of thin-
walled structure.

Figure 3. Diagram of drive arm length calculation model.

prove convergence (Hassan et al., 2019). Constrain all de-
grees of freedom on the ratchet’s internal surface, simulating
bolt fixation. Additionally, there should be a frictionless sup-

port constraint on the plane of the piston rod to allow it to
keep moving at the same height. Finally, apply a concentrated
force to the tail end of the piston rod, determining its value
through calculations based on the torque balance equation.

T = Ft ·L, (6)

where T is the tightening torque, and Ft is the force.
Set the tooth inclination angles to 35, 30, 25, 20, and 15°.

Next, calculate the average stress, the difference in average
stress, and the maximum stress on the ratchet, as shown in
Table 1. The stress difference quantitatively characterizes the
degree of uneven load distribution. The stress values are dis-
played in a bar chart in Fig. 5. The stress cloud map for
the two contact surfaces at different tooth angles is shown
in Fig. 6. From Fig. 5, it can be observed that, as the tooth
deviation angle decreases, the maximum stress on the ratchet
initially decreases and then increases. Additionally, the dif-
ference in average stress between the two contact surfaces
also shows a similar trend, decreasing before it begins to
rise again. Notably, when the tooth deviation angle is 20°,
the difference in average stress between the two contact sur-
faces approaches zero. Figure 6 further illustrates that the
stress distribution on both contact surfaces is nearly identi-
cal when the tooth deviation angle is 20°. Therefore, it can
be concluded that the load distribution between the two teeth
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Figure 4. Analysis diagrams of ratchet teeth deflection angle: (a) engagement model diagram of ratchet–pawl with different teeth deflection
angles; (b) finite-element simulation model diagram of ratchet gear deflection analysis.

Figure 5. Stress histogram of different contact surfaces under dif-
ferent tooth angles of the ratchet.

reaches an equilibrium state at this angle. Ultimately, the op-
timal tooth deviation angle is determined to be 20°.

2.3 Working-process analysis of the loading mechanism

1. When the piston rod is in its initial position with a dis-
placement of 0, the ratchet and pawl are not engaged,
while the check shaft and ratchet are in a meshing state,
as illustrated in Fig. 7a.

2. As the piston rod moves forward, the ratchet remains
stationary until the ratchet and pawl engage, which oc-
curs at a displacement of 2.4 mm, as shown in Fig. 7b.

3. Continuing forward, the piston rod pushes the ratchet,
causing it to rotate counterclockwise. When the piston
rod reaches a displacement of 14 mm, the ratchet rotates
by an angle of 13°, and the check shaft engages with the
next tooth of the ratchet, as depicted in Fig. 7d.

4. Figure 7c illustrates the position of the piston rod at dis-
placements of 2.4 and 14 mm, with the ratchet rotating
counterclockwise and the check shaft retracting.

5. The piston rod continues to move forward, and the
ratchet rotates counterclockwise by 3°. At this time, the
displacement of the piston rod is 17 mm, and the pro-
cess ends. At this time, the ratchet and pawl are in the
meshing state, and the check shaft and ratchet are in no
meshing state, as shown in Fig. 7e. The 3 mm stroke
serves as a safeguard to ensure that the check shaft can
re-engage with the ratchet, accounting for any variabil-
ity due to manufacturing quality.

6. After completing this process, the piston rod begins its
reverse movement. Due to the friction between the drive
arm and the ratchet, as well as the friction between the
pawl and the ratchet, the ratchet will move in reverse
until its teeth align with the position of the check shaft.
At this point, the piston rod’s displacement is 14 mm, as
shown in Fig. 7f, which is consistent with the position
in Fig. 7d.

7. The check shaft impedes the ratchet’s rotation as the pis-
ton rod moves backward. The ratchet and pawl disen-
gage until the piston rod returns to its initial position,
where displacement is 0, as shown in Fig. 7h.

8. Figure 7g represents an intermediate state, where the
pawl teeth glide over the ratchet teeth until the piston
rod’s displacement reaches 0.

During this process, the pawl teeth skip over one tooth of the
ratchet. This completes a single reciprocating motion, allow-
ing the piston rod to continue its motion for ongoing tighten-
ing of the bolt or screw.

3 Dynamic simulation analysis

The transient structural module of finite-element simulation
provides high-precision dynamic simulation capabilities that
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Table 1. Table of stress magnitude of the ratchet under different tooth angles.

Tooth inclination Average stress of Average stress of Average stress Maximum
angles (°) surface 1 (MPa) surface 2 (MPa) difference (MPa) stress (MPa)

35 337.33 513.84 176.51 1122.1
30 350.33 470.64 120.31 859.73
25 444.09 393.96 38.23 846.22
20 440.04 431.32 8.72 810.24
15 452.29 485.89 33.6 904.24

Figure 6. Stress cloud maps of different contact surfaces under different tooth angles of the ratchet.

surpass those of the rigid-body dynamics and static-structure
modules (Lu et al., 2021). This module can simulate time-
varying motion, similarly to rigid-body dynamics, while also
calculating elastic–plastic deformation and the stress–strain
distribution. Additionally, it addresses the challenges posed
by inertia effects, damping, and time-varying loads that are
not considered in static analysis. As a result, it accurately
captures the dynamic response of the structure during tran-
sient processes. Therefore, using this module to calculate
the stress and deformation distribution of the loading mech-
anism, the fundamental equation of transient structural dy-
namics is as follows:

Mü(t)+Cu̇(t)+Ku(t)= F (t), (7)

where M is the mass matrix, C is the damping matrix, K is
the spring stiffness, and F (t) is the external time-varying
load vector.

3.1 Material selection

Due to the high tightening torque, the main transmission
components must possess significant strength and hardness.
Therefore, the ratchet, pawl, and drive arm are made from
quenched and tempered 40Cr steel (Li et al., 2013), achiev-
ing a hardness of 32–36 HRC after treatment. The remaining
parts are composed of 45 steel (Tyutina et al., 2018), and the
material parameters are detailed in Table 2.

3.2 Model establishment

Since the tool operates with an external hydraulic pump, it
generates a reaction torque that works in the opposite direc-
tion during tightening or loosening. To effectively counter
this torque, a reaction block is located at the bottom of the
tool’s tail end, providing the necessary reaction force. The
cylinder model is divided into two components, namely the
piston rod and the cylinder block, allowing for easier addition
of subsequent loads.

To simplify the calculation, only the stress and deforma-
tion during the propulsion process are analyzed, while the
stress and deformation in the return stage are not considered;
only the check base in the check mechanism is retained. To
enhance calculation efficiency, certain components that have
minimal impact on stress and deformation calculations are
treated as rigid bodies. These components include the sleeve,
check base, lower support plates, upper support copper col-
umn, and stop block, which are excluded from the stress and
deformation analyses.

3.3 Boundary condition settings

To effectively replicate real working conditions, it is essen-
tial to correctly establish the motion pairs, the position of
contact, the type of contact, and the loads involved. Rotary-
motion pairs are incorporated between parts that experience
relative rotation, including those between the ratchet and the
drive arm, the ratchet and the baffle, and the pin and the pawl.
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Figure 7. Position diagrams of each component during the working process of the loading mechanism.

Table 2. Table of material physical parameters.

Material Density (kgm−3) Young’s modulus (GPa) Poisson’s ratio Yield strength (MPa) Tensile strength (MPa)

40Cr 7850 206 0.27 785 980
45 7850 200 0.3 250 460

Considering the cylinder piston rod as a linear moving
part, a translational-motion pair will be created between the
piston rod and the ground to replicate the movement of the
piston rod. Additionally, the pin at the top of the drive arm
travels within the slot, and a translational-motion pair will be
added between the pin and the drive arm.

Since the reaction block is a fixed component, a fixed-
motion pair is established between the reaction block and the
ground, and a translational-motion pair is created between
the reaction block and the tool. The ratchet and pawl will en-
gage, and the contact surface will be designated as a friction
contact with a friction coefficient of 0.1.

To simulate the tightening torque, a torque will be applied
to the outer circular surface of the sleeve, and a reaction force
will be introduced at the front end of the cylinder block, as
illustrated in Fig. 8.

Figure 8. Simulation model diagram for the dynamics of the load-
ing mechanism and the establishment of boundary conditions.
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To ensure accurate results, the load is applied under two
working conditions.

1. Condition 1. Research on the mechanical characteris-
tics of bolted connections shows that, during the elastic
deformation stage, there is an approximately linear rela-
tionship between the bolt tightening torque and the ro-
tation angle (Chen et al., 2022). This relationship can be
represented by a simplified mathematical model, which
can be expressed as follows:

T = C · θ, (8)

where C is a constant, and θ is the tightening angle.
In this analysis, we focus on the last propulsion phase.
Figure 9a illustrates the changes in tightening torque.
Displacement is added to the moving pair of the piston
rod, and the displacement curve is depicted in Fig. 9b. A
force is applied to the front of the cylinder block to serve
as the reaction force. This force must be equal to the
thrust of the piston rod but directed opposite to the thrust
direction. After calculating the thrust of the piston rod
using Eq. (6), the reaction force curve shown in Fig. 9c
can be obtained.

2. Condition 2. To ensure that the strength of the parts in
the loading mechanism meets the requirements during
the propulsion phase, the tightening torque and the re-
action force remain constant throughout the process, as
shown in Fig. 9.

3.4 Solution and result analysis

Set the solving time to 1 s, the number of solving steps to 1,
the minimum sub-step to 20, the maximum sub-step to 250,
and the initial sub-step to 25. Open the weak spring and en-
able large deflection.

In this loading mechanism, the ratchet, pawl, and two drive
arms are transmission parts, and both ends of the ratchet,
the circular holes of the drive arm, and the circular holes of
the two baffles are thin-walled structures (Bin et al., 2022).
Whether they meet the strength requirements is very impor-
tant to the design of the tool.

From the curve of maximum equivalent stress for each
component as a function of displacement presented in
Fig. 10, the conclusion outlined below can be drawn.

Under the boundary conditions of condition (1), the max-
imum equivalent stress of each transmission component
shows a roughly linear positive correlation with displace-
ment. Under condition (2), only the maximum equivalent
stress of the ratchet increases with displacement, while the
stress in the other components tends to decrease.

By comparing the maximum stress values of each part un-
der the two working conditions with Table 3, it is evident
that the maximum equivalent stress of all key components
remains below the yield strength of the material (Vukelic

et al., 2019). This indicates that the strength design adheres
to safety requirements. The stress nephogram for each com-
ponent is presented in Fig. 11. The maximum stress on the
ratchet occurs at the root of the tooth, indicating that the thin-
walled structures at both ends satisfy the strength require-
ments. Similarly, the maximum stress on the two drive arms
is found in the arc, which suggests that the thin-walled struc-
ture around the circular hole also meets strength standards.
In conclusion, all transmission components and thin-walled
structures fulfill the necessary strength requirements.

Aside from the sleeve, the mechanism features a symmet-
rical design, and the balance of forces in symmetrical com-
ponents can be verified through dynamic force analysis. Fig-
ure 12 illustrates the resultant force and displacement curves
of the rotary-motion pair between the ratchet and the drive
arms, the rotary-motion pair between the ratchet and the baf-
fles, and the translational-motion pair between the upper end
of the drive arms and the pin. Based on Fig. 11, it is evident
that, under both operating conditions, the stress on the inner
circular surface of baffle 1 consistently exceeds that of baf-
fle 2. This is directly related to the fact that the resultant force
between the ratchet and baffle 1 is greater than that between
the ratchet and baffle 2, as illustrated in Fig. 12. However,
since both stress values remain significantly below the mate-
rial yield strength, it is reasonable to use the same structure
for both the left and right baffles.

Additionally, based on Figs. 11 and 12, the maximum
equivalent stress difference between drive arm 1 and drive
arm 2 is less than 5 %, and the deviation of the resultant force
between the drive arm and the ratchet and pin can be consid-
ered to be negligible. We believe that it is reasonable to use
the same structure for the drive arm.

Overall, this analysis demonstrates that the symmetrical
design of the mechanism not only simplifies the manufac-
turing and assembly processes but also ensures mechanical
equilibrium.

4 Experimental verification

1. Spatial adaptability testing. The experimental device
consists of various components, including a tool, a disk,
a limit block, and a reaction block. By adjusting the po-
sition of the limit block, we set the distance between the
bolt head and the constrained point to 4 mm, as illus-
trated in Fig. 13a. Place the sleeve and tool in position
on the bolt head, ensuring that the tool fits the reaction
block, as shown in Fig. 13b. The experimental results
indicate that, within the 4 mm space constraint, the tool
can be smoothly placed in the desired working position
without any interference, confirming the spatial adapt-
ability of the designed loading mechanism.

2. Torque performance test. The experimental device pri-
marily consists of various components, including a tool,
a limit block, a reaction block, a high-pressure oil pipe,
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Figure 9. Curve diagrams of boundary conditions applied under various working conditions: (a) torque of the sleeve versus time; (b) dis-
placement of the piston rod over time; (c) thrust of the piston rod over time.

Figure 10. The curves of maximum equivalent stress for each component vary with displacement under different working conditions:
(a) ratchet, (b) drive arm 1, (c) drive arm 2, (d) pawl, (e) baffle 1, (f) baffle 2.

a hydraulic pump, and a digital torque wrench, as il-
lustrated in Fig. 13c. Set the output pressure of the hy-
draulic pump to 15 MPa and control the tool to oper-
ate continuously through a switch valve. Once the bolt
stops rotating, remove the tool and disconnect the power
supply of the hydraulic pump. A digital torque wrench
will be used to measure the loosening torque, which will
serve as an approximate value for the tightening torque.

This experiment involves four repeated trials, and the
test data obtained are presented in Table 4 below. Ac-
cording to the experimental data, the tool can achieve
an average output torque of 136 Nm.

The experimental data indicate that the tool can achieve an
output torque of 136 Nm under the constraint of a 4 mm com-
pact space, meeting the design requirement of a torque of
120 Nm. Additionally, each component meets the strength
requirement without any fractures or deformations.
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Figure 11. Stress nephograms of different parts: (a) ratchet, (b) drive arm 1, (c) baffle 1, (d) pawl, (e) drive arm 2, (f) baffle 2.

Figure 12. The curves of the resultant force for each motion pair vary with displacement under different working conditions: (a) the motion
pair between the ratchet and baffle 1, (b) the motion pair between the ratchet and arm 1, (c) the motion pair between arm 1 and the pin,
(d) the motion pair between the ratchet and baffle 2, (e) the motion pair between the ratchet and arm 2, (f) the motion pair between arm 2 and
the pin.
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Table 3. Table of equivalent stress under different working conditions.

Stress (MPa) Ratchet Pawl Drive arm 1 Drive arm 2 Baffle 1 Baffle 2

Condition 1 723.26 560.02 757.5 776.23 45.1 34.925
Condition 2 722.41 562.14 771.42 783.69 47.541 38.655
Maximum 723.26 562.14 771.42 783.69 47.541 38.655
Yield strength 785 785 785 785 250 250

Figure 13. Diagrams of the experimental testing device for the loading mechanism: (a) compact space display diagram, (b) diagram of the
space adaptability testing device, (c) diagram of the torque output performance testing device.

Table 4. Table of torque test data.

Group 1 2 3 4 Average

Torque (N m) 140.5 132.4 126.6 145.7 136.3

5 Conclusion

This article presents the design and validation of a bolt in-
stallation tool loading mechanism specifically tailored for the
confined workspace of aircraft engines. The mechanism em-
ploys a ratchet–pawl system for transmission and utilizes a
hydraulic cylinder as its driving force. This design effectively
combines the high load-bearing capacity of the ratchet–pawl
with the powerful output of the hydraulic system, ensuring
reliable tightening of high-torque bolts. To accommodate the
compact space, a thin-walled structure is implemented at the
end of the loading mechanism. Dynamic simulation results
indicate that this structure meets the necessary strength re-
quirements. By optimizing the tooth angle of the ratchet and
pawl, the force distribution between the two meshing com-
ponents becomes more balanced, which enhances the overall
load-bearing capacity of the mechanism. Experimental re-
sults demonstrate that the loading mechanism achieved an
average torque output of 136 Nm despite having only 4 mm
of radial space available. This performance exceeds the de-
sign standard of 120 Nm, confirming its capability to deliver
high torque output even under extreme conditions.
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