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Abstract. This paper presents the design of a novel rigid–compliant-integrated locking and unlocking mech-
anism tailored for applications such as modular vehicle systems, where automated connection, compactness,
and high-stiffness locking are essential. The proposed approach combines rigid and compliant components:
rigid elements handle high load-bearing and self-locking tasks, while compliant elements are used in low-load,
planar-motion sections to reduce friction and wear, simplifying the design. A detailed mechanism configuration
is introduced, along with dynamic modeling and simulation. Stress analysis confirms that the compliant parts
remain within safe limits under significant deformation. A 3D-printed prototype was fabricated, and preliminary
tests verify the feasibility of the design. By integrating the advantages of both rigid and compliant mechanisms,
the system achieves simplicity, reliability, and compactness while enabling automated actuation via a motor. This
work offers a reference for future designs of rigid–compliant-integrated systems and provides a new configura-
tion concept for locking and unlocking mechanisms.

1 Introduction

Modular vehicle design refers to the division of a vehicle into
distinct functional modules, which can be assembled into
a complete vehicle as needed (Luccarelli et al., 2015; Pan-
dremenos et al., 2009; Saab et al., 2019). Compared to tradi-
tional design approaches, modularization enables parallel de-
velopment of individual modules within a limited time frame,
facilitating the generation of various vehicle configurations
through modular recombination. This approach greatly en-
hances design flexibility and production efficiency, and it al-
lows more diverse vehicle functions and appearances within
the same R&D cycle (Bayrak et al., 2020; Lin et al., 2023).
However, the implementation of such a modular vehicle ar-
chitecture also faces several engineering challenges, one of
which is the design of the locking and unlocking mechanism.
To achieve efficient and rapid connection and disconnection
between modules, it is necessary to develop a locking and
unlocking device that provides reliable connection, features a
compact structure, and can be actuated in an automated man-
ner.

Currently, locking and unlocking devices have been
widely applied in aerospace systems (Choi et al., 2022; Li
et al., 2025) and railway transportation (Cole and Sun, 2006;
Jackiewicz, 2021; Wagner et al., 2021). However, existing
mechanisms, though mature in these domains, show lim-
itations when applied to modular vehicle systems. These
include (1) incompatibility in actuation methods – most
aerospace mechanisms are thermally actuated and incapable
of re-engagement after release (Bian et al., 2020; Lee and
Han, 2025; Yue et al., 2022) and (2) a lack of sufficient con-
straints – railway couplers are designed to allow lateral free-
dom between adjacent carriages to accommodate track cur-
vature and typically provide only directional constraints, re-
sulting in loose interconnections (Gao et al., 2017). There-
fore, current solutions fall short in meeting the requirements
of modular vehicle systems, which demand automation, full
constraint, high stiffness, and strong locking force. More-
over, the spatial limitations within vehicle modules neces-
sitate a compact design.

To meet these diverse design requirements, achieving ef-
ficient transmission with secure locking becomes essential.
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Figure 1. Schematic diagram of the rigid–compliant-integrated locking and unlocking mechanism.

One promising approach is to utilize compliant mechanisms,
which reduce the number of components while ensuring
functional transmission. Unlike conventional rigid mecha-
nisms that depend on rigid joints, compliant mechanisms
achieve motion and force transmission through elastic de-
formation of the material itself (Howell, 2013). Due to the
absence of mechanical joints, compliant mechanisms allow
simplified, monolithic, and miniaturized designs (Baviskar
et al., 2024; Culpepper and Anderson, 2004; Liao et al.,
2025; Xiong et al., 2025) while also eliminating frictional
wear (Ding et al., 2023; Samadikhoshkho et al., 2025).
Nevertheless, compliant mechanisms introduce challenges in
modeling and analysis due to the coupling between force
and motion. This prevents motion analysis from being iso-
lated from stress analysis (Rösner et al., 2015). For large-
deformation-compliant mechanisms, nonlinearities further
complicate modeling efforts (Henning et al., 2021).

In this paper, we propose a rigid–compliant-integrated
locking and unlocking mechanism. The rigid component
employs a screw–sleeve transmission mechanism to pro-
vide high reduction ratios and self-locking capability, while
the compliant part utilizes a parallelogram-shaped compliant
hinge to achieve planar motion transmission. Compared with
conventional pin–slot structures, the use of compliant mech-
anisms simplifies the configuration and eliminates friction-
induced wear.

The remainder of this paper is organized as follows: Sect. 2
introduces the novel rigid–compliant-integrated locking and
unlocking mechanism. Section 3 presents modeling and sim-
ulation analysis of the mechanism. Section 4 details the fab-
rication of a 3D-printed prototype and validates its functional
feasibility. Section 5 concludes the paper.

2 Design of the rigid–compliant-integrated locking
and unlocking mechanism

The schematic diagram of the proposed locking and unlock-
ing mechanism is shown in Fig. 1. The input motion is rota-
tional, facilitating automated locking and unlocking through
motor actuation. During operation, external torque is applied
to the lead screw, which converts the rotational input into
axial displacement of the threaded sleeve via screw trans-
mission. The lead screw mechanism is chosen to achieve
a high transmission ratio and self-locking capability. The
threaded sleeve pushes the compliant hinge, causing defor-
mation that drives the locking block into contact with the
locking pin. Once contact is made, the mechanism enters
the locking phase. Under the applied driving torque, the
screw pair generates axial force, which is transmitted via
the threaded sleeve to the locking block. The block then ap-
plies axial clamping force onto the locking pin – this force
serves as the system’s preload. The locking pin is connected
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Figure 2. Detailed design of the locking and unlocking mechanism. (a) Internal structure of the rigid–compliant-integrated locking and
unlocking mechanism. (b) Transmission mechanism of the locking block using pin–slot pair. (c) Unlocked state. (d) Locked state.

to the mating module and is tightly secured under this preload
force. By utilizing the nonlinear large deformation behavior
of the compliant mechanism, the locking block can follow a
predefined trajectory without the need for traditional guiding
elements. This compliant-deformation-based approach elim-
inates frictional losses and assembly errors associated with
traditional guidance mechanisms while also reducing struc-
tural complexity and manufacturing cost.

Following the schematic in Fig. 1, the full configuration
of the proposed mechanism is illustrated in Fig. 2a. It con-
sists of a rigid portion and a compliant portion. The rigid
portion includes the lead screw and threaded sleeve. The end
of the threaded sleeve is designed with dual rectangular slots
to simultaneously transmit thrust and restrict parasitic rota-
tion of the locking block. The compliant portion consists of
two parallelogram-shaped compliant hinges working in par-
allel. In most previous studies, parasitic motion in parallelo-
gram compliant hinges is minimized to preserve the motion
accuracy of parallel mechanisms (Chen et al., 2024; Ni et
al., 2010; Qiang and Wang, 2025). However, this work takes
the opposite approach, intentionally leveraging the parasitic
motion. When thrust is applied, the compliant hinge allows
the locking block to move axially along the locking pin and
laterally across it, thereby achieving a clamping and locking
action. Figure 2b shows a conventional rigid mechanism em-
ploying a pin–slot structure. While this can also enable 2D
transmission, it requires both a pin slider and a slot com-

ponent. Moreover, the pin–slot joint is prone to wear and
failure. The proposed compliant hinge design avoids these
drawbacks. Figure 2c and d depict the unlocking and lock-
ing states of the hybrid mechanism, respectively. This design
fully integrates the advantages of rigid and compliant mech-
anisms: rigid elements are used where high reduction ratio,
self-locking, and load-bearing are required, while compliant
hinges are employed in sections where load demand is lower
but friction avoidance is critical. This results in a simple,
compact, and efficient mechanical system.

3 Dynamic modeling of the
rigid–compliant-integrated locking and unlocking
mechanism

3.1 Modeling of the rigid subsystem

The Lagrangian method is employed to derive the dynamic
model of the locking and unlocking mechanism. The general
form of Lagrange’s equation is

d
dt

(
∂L

∂q̇i

)
−
∂L

∂qi
=Qi, (1)

where L= T −V is the Lagrangian function, defined as the
difference between the system’s kinetic energy T and poten-
tial energy V ; qi is the generalized coordinate; and Qi is the
generalized force.
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Figure 3. Force diagram of the parallelogram compliant hinge. (a) Overall analysis of the compliant flexure hinge. (b) Force analysis of the
compliant beam.

Figure 4. Relationship between the positive root of the cubic equa-
tion and x0.

The transmission mechanism has a single degree of free-
dom, so one generalized coordinate suffices. Let the rotation
angle of the lead screw, θ1, be chosen as the generalized co-
ordinate. The axial displacement of the threaded sleeve is

Sn =
(θ1−1θ1)P

π
, (2)

where P is the lead of the screw. The torque-induced tor-
sional deformation angle 1θ1 is negligible during the trans-
mission phase due to small applied loads.

In the locking phase, as axial clamping force increases,
the threaded components experience noticeable elastic de-
formation, and 1θ1 must be considered. The velocity of the
threaded sleeve is

T =
1
2

(Jsθ̇
2
1 +mnṠ

2
n), (3)

where Js represents the rotational inertia of the screw andmn
represents the mass of the threaded sleeve.

Setting the central axis plane of the lead screw as the zero
potential energy plane, the gravitational potential energy is
constant:

VG =mnhn, (4)

where hn represents the distance between the center of grav-
ity of the threaded sleeve and the gravity reference plane.

The generalized force Qi is expressed as

Qi =

∑
j

Fj ·
∂rj

∂qi
+

∑
k

Mk ·
∂θk

∂qi
. (5)

In the equation, Fj and Mk represent the j th external
force and the kth external moment in the system, while rj
and θk are their corresponding position vectors. During the
transmission process, the generalized forces acting on the
transmission system mainly include the driving torque Ts of
the lead screw, the friction force Ffn acting on the threaded
sleeve, the friction force Ffb exerted by the locking block on
the sleeve, and the reaction force F . Substituting these forces
into Eq. (5), the expression of generalized force during the
transmission process is obtained:

Qi = Ts ·
∂θ1

∂θ1
−Ffn ·

P

π
·
∂θ1

∂θ1
−F ·

P

π
·
∂θ1

∂θ1
+Ffb · r

−Ffb · r = Ts−
P

π
(Ffn+F ) . (6)

Since the forces acting on the device are relatively small dur-
ing the transmission phase, the elastic deformation between
components can be neglected, and the elastic potential energy
of the system is VE = 0. Substituting all expressions into La-
grange’s equation yields the dynamic equation of the locking
and unlocking mechanism during the transmission process:

Ts = Jsθ̈1+
mnP

2

π
θ̈1+

P

π
(Ff s +F ). (7)

Assuming the relationship between the thrust F0 applied to
the compliant module and the axial displacement x satisfies
the function F0 = C(x), then Eq. (7) can be written as

Ts = Jsθ̈1+
mnP

2

π
θ̈1+

P

π
C(x). (8)

At the beginning of the locking phase, the locking block is
already in contact with the locking pin. Therefore, during the
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locking process, the threaded sleeve, locking block, and lock-
ing pin will undergo elastic deformation due to compression
while moving axially. For elastic bodies, the actual force act-
ing on the compressed object is the restoring force generated
by its elastic deformation. Based on this, a combined force
analysis of the threaded sleeve, locking block, and locking
pin is carried out. The elastic deformations of the threaded
sleeve, locking block, and locking pin during the locking pro-
cess are defined as 1lg , 1lb, and 1ln, respectively. The re-
lationship between the deformations of each component and
the displacement of the threaded sleeve’s center of mass 1l
during locking is

1l =1lg +1lb+1ln. (9)

Within the elastic range, deformation of the components
follows Hooke’s law. According to Hooke’s law, the axial
clamping force acting on the locking pin during locking re-
lates to the axial displacement of the threaded sleeve as fol-
lows:

1l =
F

kw
= F

(
1
kg
+

1
kn
+

1
kb
,

)
(10)

where kn,kb, and kg are the equivalent stiffnesses of the
screw pair, the locking block, and the locking pin, respec-
tively, and kw is the total stiffness of the three components in
series. Substituting Eq. (2) into Eq. (10), the expression for
the clamping force F acting on the threaded sleeve during
the locking process is obtained:

F =
Pkw(θ1−1θ1)

π
. (11)

From Eq. (11), the expression for the torsional angle 1θ1
of the screw pair under torque during the locking process is
derived:

1θ1 =
F tan(ρ+ λ)d2

2kn′
. (12)

By combining Eqs. (11) and (12), the relationship between
the torsional angle 1θ1 and the rotation angle θ1 of the lead
screw is obtained:

1θ1 =
tan(ρ+ λ)d2Pkw

2πkn′+ tan(ρ+ λ)d2Pkw
θ1 = kθθ1. (13)

Based on the above calculation results, the expression for the
elastic potential energy of the transmission system during the
locking process is obtained:

VE =
1
2
kn1l

2
n +

1
2
kn
′1θ2

1 =
P 2k2

w(1− kθ )2

2kn
θ2

1 +
kn
′k2
θ

2
θ2

1 .

(14)

Next, the generalized force of the transmission system dur-
ing the locking phase is calculated. Substituting Eq. (13) into

Table 1. Values of constant coefficients.

Variable Value Variable Value Variable Value

c11 12 c22 −1/10 c33 1/15
c12 −6 c23 2/15 c41 −1/700
c13 4 c31 3/5 c42 1/1400
c21 6/5 c32 −1/20 c43 −11/6300

Eq. (11), the relationship between the reaction force F act-
ing on the threaded sleeve and the lead screw rotation angle
θ1 during locking is obtained:

F =
Pkw

π
(1− kθ )θ1 =

Pkw2k′

2πkn′+ tan(ρ+ λ)d2Pkw
θ1 = kF θ1. (15)

According to the calculated results, the expression for the
generalized force of the transmission system during the lock-
ing process is written as

Qi = Ts ·
∂θ1

∂θ1
−F ·

P (1− kθ )
π

·
∂θ1

∂θ1
. (16)

Substituting all expressions into the Lagrange equation
yields the dynamic equation of the transmission system dur-
ing the locking phase:

Ts = Jsθ̈1+
mn(1− kθ )2P 2

π
θ̈1+

P 2k2
w(1− kθ )2

kn

− kn
′k2
θ θ1+

FP (1− kθ )
π

. (17)

Equations (8) and (17) represent the Lagrangian dynamic
equations of the locking and unlocking mechanism dur-
ing the transmission and locking phases, respectively. These
equations indicate that during the transmission process, the
driving torque of the mechanism is mainly related to the an-
gular acceleration of the lead screw and the resistance to for-
ward motion of the slider, whereas in the locking process,
the driving torque is additionally positively correlated with
the depth of compression between the slider and the locking
pin.

3.2 Nonlinear modeling of the parallelogram compliant
hinge

In Eq. (8), the relationship between the thrust force acting on
the compliant mechanism and the axial displacement x was
denoted as C(x). In this section, the specific expression of
C(x) is derived.

As shown in Fig. 3a, the parallelogram compliant hinge is
subjected to the thrust force F0 from the threaded transmis-
sion sleeve, which simultaneously outputs an axial displace-
ment x. Meanwhile, due to the constraint of the slot on the
threaded sleeve, the locking block cannot rotate and can only
translate.M0 represents the constraint moment exerted by the
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slot on the locking block. As shown in Fig. 3b, each compli-
ant beam can be regarded as a cantilever beam subjected to
a constant directional force F0/2 at the free end, resulting
in displacements 1x. Simultaneously, the beam end is sub-
jected to a moment M0 to prevent rotation.

According to the nonlinear beam constraint model pro-
posed by Awtar et al. (2007),[
fy
m

]
=

[
c11 c12
c12 c13

][
δy
α

]
− fx

[
c21 c22
c22 c23

][
δy
α

]
(18)

δx =
fx

d
+
[
δy α

][ c31 c32
c32 c33

][
δy
α

]
− fx

[
δy α

][ c41 c42
c42 c43

][
δy
α

]
. (19)

The matrix elements cij refer to the values provided by
Awtar et al. (2007) as shown in Table 1. fx , fy ,m, δx , and δy
are dimensionless physical quantities defined as follows:

fx =
FxL

2

EI
=
F0cosβL2

2EI
fy =

FyL
2

EI
=
F0sinβL2

2EI

m=
M0L

EI
δx =

1x

L
δy =

1y

L
d = 12

(
L

T

)2

, (20)

where L is the length of the compliant beam, E is the
Young’s modulus, I is the second moment of area of the
compliant beam, and β is the inclination angle of the par-
allelogram compliant hinge.

Since the locking block is constrained by the slot and can-
not rotate, α =0. Substituting into Eqs. (18) and (19), we ob-
tain

fy = c11δy − fxc21δy (21)

δx =
fx

d
+ c31δ

2
y − fxc41δ

2
y . (22)

The following geometric relationships exist:

x0 = δx cosβ + δy sinβ, (23)

where x0 = x/L.
By solving the nonlinear system formed by Eqs. (21), (22),

and (23), we get

f =
2c11H (x0)

sinβ + cosβc21H (x0)
, (24)

where f = F0L
2/EI, H (x0) is implicitly defined by the fol-

lowing equation:

c11δycos2β
(

1
d
− c41δ

2
y

)
sinβ + cosβc21δy

= x0− δy sinβ − c31 cosβδ2
y . (25)

The following method can be used to obtain an approxi-
mate expression for H (x0).

Figure 5. Geometric dimensions of the parallelogram compliant
hinge.

First, Eq. (25) is rewritten in the form of a cubic equation:

Aδ3
y +Bδ

2
y +Cδy +D = 0

A= (c21c31− c11c41)cos2β

B = (c21+ c31) sinβ cosβ

C = sin2β − c21x0 cosβ +
c11cos2β

d

D =−x0 sinβ. (26)

Substituting numerical values into the equation reveals that
it has three real roots, the first two of which are negative.
Therefore, only one root is physically meaningful. Due to
the presence of parameter x0 in the coefficients, the root has
a complex analytical form. Therefore, this paper calculates
the real positive roots of the equation under several different
values of x0, as shown in Fig. 4. From Fig. 4, a clear lin-
ear relationship between the positive root and x0 is observed.
A linear fitting yields the following expression for the fitted
root:

δy = 1.1501x0. (27)

Substituting this into Eq. (24), the static model of the paral-
lelogram compliant mechanism is obtained:

f =
2.3002c11x0

sinβ + 1.1501cosβc21x0
. (28)

The expression for C(x) is as follows:

F0 = C (x)=
2.3002EIc11x

sinβL3+ 1.1501L2 cosβc21x
. (29)

3.3 Verification of the nonlinear static model of the
compliant mechanism

To verify the nonlinear static model derived in this section,
a nonlinear finite element simulation was conducted. The
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Figure 6. Comparison between nonlinear finite element analysis and theoretical model. (a) Deformation cloud plot. (b) Deformation–
displacement relationship.

Figure 7. Stress distribution.

simulation tested a series of displacements under increas-
ing thrust F . The geometric dimensions of the parallelogram
compliant hinge are shown in Fig. 5, and the material used in
both calculation and simulation is aluminum alloy 7075-T6.
Figure 6a shows the total displacement cloud map from the
simulation analysis. Figure 6b compares the simulation data
with the results calculated using Eq. (29), with a maximum
relative error within 10 %, indicating good modeling accu-
racy. The most likely source of error is that the nonlinear
beam constraint model used in this study is not fully non-
linear. Instead, it has been partially linearized for the sake
of simplifying the calculations and derivations. As shown in
the curve diagram (Fig. 6b), it can be observed that as the
deformation of the flexible beam increases, the error also in-
creases. Additionally, the use of polynomial fitting during the
model derivation introduces fitting errors.

Figure 7 shows the stress distribution when the maximum
deformation occurs, i.e., x = 7.5 mm, where the maximum
stress is located at both ends of the compliant beam and
reaches 439.4 MPa, which is below the allowable stress of
505 MPa.

4 Prototype experiment

To further verify the functionality of the proposed rigid–
compliant-integrated locking and unlocking mechanism, a
physical prototype was fabricated and tested. The locking
and unlocking mechanism consists of 3D-printed compo-
nents integrated with compliant flexural beams. The most
prototype parts were obtained through 3D printing. The com-
pliant elements are laser-cut from spring-steel shim stock, a
material selected for its ability to undergo large elastic de-
formations while maintaining high fatigue resistance. The
3D-printed components and flexures are assembled using a
combination of press-fitting and pinning, with adhesives ap-
plied where necessary, to form the prototype illustrated in
Fig. 8a. This modular assembly facilitates easy replacement
and adjustment of individual components during testing. The
mechanism is actuated by an electric torque wrench, which
drives an input shaft connected to a cam. As illustrated in
Fig. 8b, when the motor rotates, it drives the lead screw to
rotate, which in turn moves the threaded sleeve. The threaded
sleeve pushes one end of the compliant module, causing de-
formation and planar motion of the compliant mechanism.
This deformation results in the lateral movement of the lock-
ing block, which engages with the groove of the locking pin
to complete the locking process. The unlocking process is
similar: the motor rotates in the opposite direction, driving
the same transmission chain to release the locking block from
the locking pin, thereby completing the unlocking. The en-
tire locking and unlocking process can be automated through
electronic control.

Experimental observations confirm that the compliant
beams achieve the intended large-stroke deformation without
structural damage, validating the performance and functional
robustness of the proposed mechanism.
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Figure 8. Experimental setup and the locking and unlocking process. (a) 3D-printed physical prototype. (b) Partial schematic of the compli-
ant hinge during the locking and unlocking processes.

5 Conclusions

A novel rigid–compliant-integrated locking and unlocking
mechanism was developed in this study for applications
such as modular vehicle connection and disconnection. For
components requiring high load-bearing capacity and self-
locking performance, rigid mechanisms were employed to
ensure structural strength. For components with lower load-
bearing demands but a need to avoid friction and wear, com-
pliant mechanisms were introduced to simplify the structure
while eliminating friction-related issues. The introduction of
compliant mechanisms significantly simplified the structure
of the end-effector transmission section but also introduced
challenges in modeling. Due to the coupling between out-
put displacement and force in compliant mechanisms, it is
difficult to establish a purely kinematic model as is typi-
cally done with rigid mechanisms. Furthermore, the large
deformations experienced by the compliant beams in this
work rendered linear beam models inapplicable. Therefore,
a nonlinear beam constraint model was adopted to estab-
lish the mechanical model of the parallelogram compliant
hinge, which was then integrated with the Lagrangian dy-
namic model of the rigid mechanism to obtain a complete
system model. By comparing the theoretical model with the
finite element simulation model, the error under large defor-
mation conditions was found to be within 10 %. A physical
prototype was fabricated using 3D printing, and preliminary
tests validated the functional feasibility of the proposed de-

sign. The proposed mechanism offers the following advan-
tages:

1. Simple and reliable structure: the locking and unlocking
mechanism fully integrates the strengths of both rigid
and compliant components, simplifying the overall de-
sign and avoiding issues related to friction and wear.

2. Compact size: due to the reduced number of parts
and compact component arrangement, the overall
system maintains a small footprint. The 3D-printed
prototype developed in this study measures only
147 mm× 97 mm× 100 mm.

3. Reliable locking: self-locking is achieved through a me-
chanical thread, ensuring a simple and dependable lock-
ing mechanism.

4. Automated connection and unlocking: the mechanism
is driven by a motor, and automatic operation can be
realized through simple motor control.

This research primarily focuses on configuration synthe-
sis and feasibility analysis, demonstrating the viability of
a rigid–compliant-integrated locking and unlocking mecha-
nism. Future work will focus on the following aspects:

1. Improvement of the design. This paper presents a con-
figuration design, and future efforts will focus on refin-
ing detailed dimensional design, conducting thorough
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experimental analyses, and performing iterative opti-
mizations to achieve the optimal design outcome.

2. Consideration of the operating environment. Future re-
search will examine the real-world operating conditions
of modular vehicles, considering the effects of vibra-
tion, temperature variations, electrical connections, and
other environmental factors on the device. This will lead
to the design of a locking and unlocking mechanism ca-
pable of performing reliably in complex environments.
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