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Abstract. Reconfigurable modular spacecraft (RMS) integrate reconfigurable characteristics with a modular
architecture, which can be decomposed into several standardized and intelligent functional units. Each unit in-
tegrates the required subsystems and realizes interconnection through a universal interface. This study conducts
an in-depth investigation on the core components of reconfigurable modular spacecraft units and multifunctional
interface mechanisms. First, the structural design of the unit enclosure and interface mechanism is completed,
covering the unit baseplate, frame, and key components that enable mechanical docking and power transmission.
Second, systematic research is carried out on the motion trajectory optimization and profile design of the key
components of this mechanism so as to achieve targeted error suppression and compliant docking. Based on the
contact-impact theory and ADAMS dynamic modeling method, a dynamic model of the unit docking interface
is established, and the feasibility of mechanical connection and power connection is verified. Furthermore, the
follower motion laws affecting the connection accuracy are simulated and analyzed, which confirms the effec-
tiveness of the selected optimal motion law. Finally, through docking tests, mechanical property tests, high- to
low-temperature resistance tests, and signal transmission tests, the reliability of the proposed multifunctional
interface operating in extreme environments is verified.

1 Introduction

With the rapid advancement of space exploration technolo-
gies, aerospace missions have imposed increasingly high re-
quirements on the functional scale and structural complex-
ity of spacecraft systems (Arzo et al., 2022; Zhao et al.,
2023b; Xue et al., 2021; Liu et al., 2022), and the applica-
tion of large-scale spacecraft has further raised the compre-
hensive design requirements for spacecraft. However, con-
strained by the fairing envelope dimensions of launch ve-
hicles, launch costs, and payload transport capacity, mod-
ern advanced spacecraft design faces a sharp contradiction
between the large-scale demand and limited launch vehi-

cle capacity (Liu et al., 2025; Gralla, 2006; Zhao et al.,
2023a, 2025). Additionally, traditional spacecraft design typ-
ically adheres to a customized paradigm of a single platform
matching a specific payload (Wang et al., 2023; Kief et al.,
2019). This rigid architecture lacks flexibility and struggles
to adapt to increasingly complex and variable on-orbit ser-
vices and multi-mission collaborative requirements.

In view of this, the concept of RMS – integrating mod-
ular design with on-orbit reconfiguration technology – has
emerged and has become a research hotspot in the cur-
rent aerospace engineering field (Hu et al., 2023; Liu et al.,
2024b; Dorsey and Watson, 2016; Nair et al., 2025). This
technology decouples complex spacecraft systems into sev-
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eral standardized modular units with independent functions
(e.g., power modules, propulsion modules, attitude and or-
bit control modules, communication modules, and payload
modules), enabling physical connection and functional in-
tegration among modules via standardized interfaces. Such
an architecture allows the spacecraft to flexibly reconfigure
its configuration and instantaneously extend its functions on-
orbit according to specific mission requirements, thereby sig-
nificantly enhancing the system’s mission adaptability and
life-cycle cost-effectiveness (Piskorz and Jones, 2018; Che-
ung and Glass, 2025; Boesso and Francesconi, 2013).

Early-stage research in this field was represented by
DARPA’s System F6 program (O’Neill et al., 2010), which
sought to construct a decentralized, cluster-style “virtual
satellite” via wireless inter-satellite links. Although this
program validated the inherent survivability advantages of
this architecture, it was ultimately terminated due to crit-
ical technical bottlenecks in wireless power transfer effi-
ciency and high-dynamic guidance, navigation, and con-
trol (GNC) technologies. Subsequently, the research focus
shifted to rigid-connection-based building-block architec-
tures: DLR’s iBOSS project (Kortman et al., 2015; Kortmann
et al., 2017; Jankovic et al., 2018) proposed a standard grid-
based design framework, whose core component, the intelli-
gent Space System Interface (iSSI), achieved the integrated
coupling of mechanical, electrical, thermal, and data subsys-
tems; DARPA’s Phoenix (Barnhart et al., 2013) and HISat
projects (Melroy et al., 2015) further verified the feasibility
of on-orbit aggregation of universal units. In recent years,
with advancements in on-orbit servicing technology, robot-
assisted assembly has emerged as a new trend. The Euro-
pean Union’s MOSAR project (Letier et al., 2019) demon-
strated the concept of module reconfiguration using walking
robotic arms, while NASA’s OSAM (Arney et al., 2021) se-
ries projects tackled key technologies such as autonomous
docking based on visual servoing. Overall, reconfigurable
modular spacecraft are currently in a critical window, tran-
sitioning from technology validation to engineering appli-
cation. This development aligns with the broader pursuit of
functional adaptability via structural morphing in various re-
configurable robotic systems (Wang et al., 2026).

Regarding modular spacecraft systems, extremely strin-
gent requirements are placed on the guiding capability, fault
tolerance, and reliability of interfaces during repeated in-
sertion and extraction. If interface mechanisms experience
wear or jamming after multiple reconfigurations, the entire
assembly mission could be disrupted (Shoer and Peck, 2009).
The multifunctional interface serves as the hub for physi-
cal connection, energy transfer, and information interaction
between modules, and its performance directly determines
the system’s reconfiguration efficiency and structural stiff-
ness (Zhang et al., 2023). Based on functional composition,
modular interfaces can typically be categorized into mechan-
ical interfaces, power interfaces, thermal control interfaces,
and data communication interfaces. Among these, the me-

chanical interface, as the carrier for other functional inter-
faces, undertakes load transmission, connection locking, and
precision positioning between modules, forming the physical
foundation for system integration (Liu et al., 2024a).

To address the aforementioned limitations, the compact
coupled cylindrical cam mechanism has emerged as a key
solution (Li et al., 2020). The iSSI interface, developed by
the German Aerospace Center DLR Space Administration,
is a prototypical example of this type of mechanism, which
utilizes a rotating cam ring to drive locking elements, bal-
ancing high-stiffness connection with a compact form factor.
The iSSI adopts an androgyny design, which means there is
no distinction between the active and passive ends, and the
structures of both ends are the same (Schervan et al., 2021;
Kortmann et al., 2014, 2018). This not only reduces manu-
facturing complexity but also enables blind docking and in-
terchangeability between arbitrary modules, significantly en-
hancing the system’s reconfiguration efficiency and fault tol-
erance.

Despite their notable configurational advantages, the dy-
namic performance of cylindrical cam mechanisms is highly
dependent on the geometric design of the cam profile (Ange-
les and López-Cajún, 2012; Hsieh, 2014; Sun et al., 2018).
If the pressure angle or motion law is improperly planned,
the mechanism is prone to entering a jamming state or expe-
riencing self-locking failure during reconfiguration. There-
fore, how to optimize the profile design to balance motion
smoothness and locking reliability is a core scientific issue
that urgently needs to be addressed for the transition of such
interfaces from principle validation to engineering applica-
tion.

Thus, designing an optimal cam curve that satisfies both
mechanical load-bearing requirements and motion smooth-
ness remains a key challenge in the development of this type
of interface. Against the application background of space-
craft modularity, this paper designs an efficient and reliable
mechanical docking structure. It focuses on the design and
optimization of the critical cylindrical cam mechanism, con-
ducts dynamic simulation analysis of the interface device us-
ing ADAMS software, and performs experimental verifica-
tion. The specific organization of this paper is as follows.
Section 2 introduces the design parameters of the reconfig-
urable modular unit and its mechanical interface. Section 3
details the design of the cylindrical cam mechanism for the
interface device, analyzes and optimizes the follower mo-
tion law, and proposes a more suitable motion law. Section 4
uses ADAMS software to simulate and analyze the dynamic
characteristics of the interface device, obtaining its feasibil-
ity and parameters such as follower displacement, velocity,
and acceleration. Section 5 describes ground tests on the re-
configurable modular unit and interface prototype, includ-
ing the design of a control system for motor motion con-
trol. A series of tests – such as high- to low-temperature
tests, tension–compression–bending–torsion strength tests,
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Figure 1. Schematic diagram of the RMS: (a) concept of the HISat
project by DARPA and (b) schematic of the deformation process of
the RMS.

and docking tolerance tests – were conducted to validate the
reliability of the proposed interface and unit.

2 Unit interface design

Within the context of fully modular reconfigurable space-
craft, there are two methods of reconfiguration, as show in
Fig. 1. The first method realizes the autonomous assembly of
modular satellites by virtue of their own propulsion systems,
thereby completing the reconfiguration of the spacecraft (Hu
et al., 2023; Ye et al., 2024). The second method involves de-
signing a more autonomous robotic arm on the satellite itself
(Hamill et al., 2016; Collins and Shen, 2017). This robotic
arm is equipped with multifunctional interfaces, identical to
those on the modules, at both ends. Through these interfaces,
the robotic arm can move around on the satellite and trans-
port other modules. The application scenarios are described
below. (1) A robotic arm equipped with multifunctional in-
terfaces can reach every unit of the satellite system. (2) A
robotic arm equipped with multifunctional interfaces can re-
move faulty or replaceable units. (3) When a satellite needs
to remove an enclosed unit, the robotic arm needs to con-
nect the dispersed satellite components to prevent them from
drifting into other locations in space.

The design of RMS units must guarantee the stable opera-
tion of all internally integrated subsystem components in any
space environment. Furthermore, these units must be capa-
ble of interconnecting via multifunctional interfaces to form
a fully functional spacecraft system. As a critical compo-
nent of the entire system, interfaces enable on-orbit services
to be conducted as planned. Beyond transmitting mechani-
cal loads, they are also responsible for transferring electrical
power, data, and thermal energy between connected units, as
shown in Fig. 2a.

The unit enclosure is based on a cubic structure, com-
posed of components such as corner brackets, longitudinal
beams, top panels, sandwich panels, and locking plates, as
illustrated in Fig. 2b. The frame, which serves as the pri-

mary load-bearing structure of the enclosure, is formed by
connecting 12 longitudinal beams with 8 corner brackets.
The deformation and fracture characteristics of this frame
directly determine the enclosure’s performance, making its
design paramount. The baseplate, which acts as the mount-
ing platform for subsystem components, is assembled from
the top and sandwich panels. All subsystem components are
mounted onto the sandwich panel. For baseplates requiring
interface installation, through-holes are machined into both
the top and the sandwich panels. The locking plate is the key
connecting mechanism between the interface assembly and
the baseplate.

The multifunctional interface, as illustrated in Fig. 2c,
adopts an androgynous design. This design is intended to
minimize reconfiguration obstacles between modular units
and enhance docking efficiency. The docking process of the
interface consists of three core actions: extension, retraction,
and rotation, which are jointly accomplished by the drive
mechanism and the telescopic mechanism. The drive mech-
anism employs a brushless DC gear motor, whose excellent
load characteristics ensure efficient and stable power output.
To alter the torque transmission direction and improve trans-
mission efficiency, the system is equipped with a worm gear
mechanism. This mechanism can achieve self-locking when
the interface is stationary, thereby effectively enhancing the
operational safety of the system.

On the top plate of the interface, power pins and electrode
sockets are designed. The power pins are fixed on the elec-
trode telescopic driven component, using the rotational mo-
tion of the cylindrical cam body to move the electrode tele-
scopic driven component upward, allowing the power pins
to extend out of the top plate and be inserted into the elec-
trode sockets of the adjacent interface. This process forms
an electrical circuit, ensuring stable power supply to the sys-
tem. Additionally, when the power pins are inserted into the
electrode sockets, they also serve an auxiliary positioning
function, ensuring precise alignment of the interface during
docking. This design not only enhances the reliability of the
connection but also optimizes the efficiency of power sup-
ply, providing crucial support for the normal operation of the
system.

As illustrated in Fig. 2a, the power pin primarily consists
of four components: the core, the top cap, the sleeve, and the
copper component.

The specific details are as follows:

1. Pin core. The pin core is fabricated from copper alloy.

2. Top cap. The top cap is made of polymer material and
bonded to the tip of the core; its conical shape functions
as a guiding element.

3. Sleeve. A polymer sleeve surrounds the exterior of the
core to provide electrical insulation.
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Figure 2. Overview of reconfigurable module unit and its interface. (a) Design of cube module unit and its interface. (b) Exploded view of
reconfigurable module unit. (c) Exploded view of docking interface.

4. Copper component. A copper part is connected to the
core, serving as the electrical contact for the lower re-
gion.

The telescopic mechanism consists of three cylindrical
cam bodies and two driven components. Through meticu-
lously designed curves for each phase of “ascent, pause, de-
scent, and pause”, precise displacement control is realized.
During the composite motion, the synchronous movement
of multiple cylindrical cam bodies is crucial, requiring strict
control of the motion sequence of each cam to avoid interfer-
ence and ensure smooth and reliable docking of the interface.
This series of precise coordination and control constitutes the
complete process of interface docking, ensuring the efficient
realization of its functions.

The mechanical actuation mechanism of this interface
comprises three cylindrical cam bodies and two followers:
the rotating cam, the linear cam, and the electrode cylindrical
cam, along with the extending locking follower and the elec-
trode extension follower. The linear cam functions as a sta-
tionary guide, remaining static throughout the docking pro-
cess. The rotating cam interacts with the linear cam and the
extending locking follower via pin connections, where the
profiles of the two cams jointly constrain the motion trajec-
tory of the locking follower. The electrode cylindrical cam
is rigidly fastened to the rotating cam using screws to en-
sure synchronous rotation; this cam is designed to control
the extension of the electrode. During the docking process,
the electrode cylindrical cam and the rotating cam operate
as rotary cams revolving around the axis. They respectively
drive the extending locking follower and the electrode exten-

Figure 3. Schematic of cam body model and its contour trajectory:
(a) rotating cam body, (b) linear cam body, and (c) electrode cylin-
drical cam body.

sion follower to execute a compound motion consisting of
rotation and linear ascent, thereby achieving the alignment
and rigid connection of the interface.

The motion sequence and profile design of each cam body
are illustrated in Fig. 3. The mechanical actuation relies on
the coordination of three cams, with the rotating cam serving
as the primary driver. Its motion profile is defined by four
segments (AB →BC→CD→DE), as shown in Fig. 3a,
which precisely govern the entire docking and locking pro-
cess. Initially, in the horizontal segment AB, the rotating cam
rotates to establish a 50° phase offset relative to the extend-
ing locking follower, during which the internal convex teeth
at the top occupy a 30° sector, ensuring the follower is in a
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retracted and stable initial position ready for subsequent ex-
tension. Subsequently, in the vertical segment BC, as the fol-
lower ascends to point C, its tip reaches 3 mm above the top
plate, initiating physical contact with the counterpart inter-
face; simultaneously, the power pins begin extending at point
B and achieve full extension at point C, establishing the ini-
tial electrical and energy transfer paths. Following this is the
oblique segment CD, where the follower extends further out-
ward past the top plate while maintaining a 20° phase offset,
ensuring secure engagement with the counterpart’s locking
slots to prevent accidental disengagement during subsequent
rotation. Finally, in the vertical segment DE, the follower
completes its extension before retracting 1.2 mm to engage
the locking mechanism, resulting in a clamping compression
of 0.2 mm that ensures a rigid and reliable mechanical con-
nection between the modules.

Acting as a stationary guide, the linear cam cooperates
with the rotating cam to position the follower. Its profile
comprises four segments (FG→GH→HI→ IJ), shown in
Fig. 3b, which are strictly synchronized with the rotating
cam to precisely control the follower’s trajectory. Segment
FG corresponds to segment BC, matching its rotation angle
and lift height to drive the outward extension of the follower
and ensure alignment with the counterpart’s interface. Seg-
ment GH, corresponding to segment CE, ensures the requi-
site 20° phase offset while maintaining the lift height of seg-
ment CD, keeping the follower securely engaged. Segment
HI acts as a holding phase corresponding to DE, maintaining
the follower at its maximum extension position of Point H
to enable synchronous rotation of the two modules. The se-
quence concludes with segment IJ, where the follower exe-
cutes the 1.2 mm linear retraction to finalize the clamping ac-
tion, achieving the 0.2 mm compression for a tight mechani-
cal lock.

The electrode cylindrical cam, which is rigidly fixed
to the rotating cam, drives the vertical reciprocation of
the power pins. Its profile consists of three segments
(LM→MN→NO) as shown in Fig. 3c, synchronized with
the rotating cam to ensure the power pins are extended at
the correct moment. Segment LM corresponds to segment
AB of the rotating cam, functioning as a dwell phase where
the follower height remains constant, keeping the power pins
retracted to avoid interference during the initial phase off-
set. During segment MN corresponding to BC, the cam ro-
tates 30° to drive the electrode extension follower upward by
8 mm, ensuring the power pins are fully extended to establish
reliable electrical and energy connections. The final segment,
NO, holds the follower at this maximum height; to ensure re-
liability, the angular span of segment NO is designed to be
greater than the sum of segments CD and DE, yet within
the maximum allocatable angle under uniform-distribution
conditions, maintaining the power pins in an extended state
throughout the entire docking and locking process.

The power interface is composed of electrode slots and
power pins. The power pins are arranged in four pairs, with

each pair containing one positive and one negative pole; this
configuration satisfies the requirements for a hermaphroditic
design. These pins are mounted on the electrode extension
follower, which is equipped with three guide rollers. To min-
imize friction against the cam profile grooves during move-
ment, micro-bearings are installed on the heads of these
rollers. During the docking process, the coil springs within
the electrode slots of the passive interface connect with those
in the active interface via the copper cores of the power pins,
thereby facilitating electrical signal transmission between the
two interfaces.

This section systematically completes the detailed struc-
tural design of the modular unit and its interface system.
Serving as the critical link between the unit enclosure and the
spacecraft baseplate, the interface mechanism functions not
merely as a physical carrier for mechanical attachment, but
also as the core executive actuator for facilitating spacecraft
modular assembly and on-orbit topological reconfiguration.
Crucially, it effectively guarantees connection reliability and
positional precision of the module under complex mechan-
ical environments. Centered on this objective, the specific
design work is elaborated across three dimensions: first, the
unit enclosure design, which balances protection capabilities
with lightweight requirements; second, the mechanical inter-
face structural design, aimed at achieving high-rigidity lock-
ing; and third, the power interface design, which satisfies the
specific constraints of hermaphroditic geometry and floating
contact. Collectively, these efforts establish a comprehensive
and viable modular electromechanical connection scheme.

3 Follower motion profile design

The cam mechanism within the interface structure comprises
three cylindrical cam bodies and two followers, operating in
a “two-moving, one-static” state. The transmission accuracy
of this mechanism is primarily constrained by the geometric
deviation of the cam profile grooves. To effectively mitigate
these errors and enhance interface transmission accuracy, the
design and optimization of follower motion laws have be-
come a critical aspect of research and development. Although
the constant-velocity linear motion law is structurally simple,
abrupt changes in velocity and acceleration at the start and
end points induce rigid and flexible impacts, severely com-
promising the mechanism’s lifespan.

The performance evaluation of cam profile curves relies
primarily on three key characteristic values of the follower:
velocity, acceleration, and jerk. First, the maximum veloc-
ity (Vm) is positively correlated with the cam pressure angle;
excessive velocity increases the pressure angle, thereby in-
tensifying friction and wear while reducing transmission ef-
ficiency. Second, the maximum acceleration (Am) is propor-
tional to the inertial force; excessive acceleration triggers se-
vere vibration, degrading motion accuracy. Finally, the max-
imum jerk (Jm) reflects the intensity of motion impact and is
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directly correlated with the fatigue life of the profile surface.
Theoretically, the design should aim to minimize Vm, Am,
and Jm. However, significant nonlinear coupling and mu-
tual constraints exist among these three parameters. Conse-
quently, the design of the follower motion law is essentially
a typical multi-objective optimization problem. To address
this, this study constructs a mathematical model with Vm,
Am, and Jm as sub-objective functions. By adopting an ap-
propriate weighting strategy, the problem is transformed into
a single-objective optimization task to achieve the compre-
hensive optimum of the mechanism’s dynamic performance.

Given that the follower motion in the interface operates
under low-speed and light-load conditions, the applicable
motion laws for the cylindrical cam mechanism primarily in-
clude polynomial types and trigonometric function types. We
adopt a combined motion law strategy, which takes the lin-
ear polynomial motion law as the core basis and introduces
quadratic polynomial or simple harmonic motion laws for
transition and modification. This design constitutes a neces-
sary technical approach to address the rigid–flexible impact
issue of cylindrical cam mechanisms under low-speed and
light-load conditions, as well as to ensure transmission accu-
racy and service life.

Both the harmonic-modified constant-velocity motion law
and the quadratic-modified constant-velocity motion law ef-
fectively suppress rigid and flexible impacts while balancing
the complexity of the cylindrical cam profile design with its
manufacturability. Accordingly, this study selects these two
combined motion laws as the subjects for optimization. The
optimization objective is defined as follows: given the cam
rise angle, determine the optimal cam rotation angle parame-
ters through optimization calculations to minimize dynamic
characteristic values such as velocity, acceleration, and jerk.

The quadratic-modified constant-velocity motion law is
formed by combining the linear polynomial motion law with
the quadratic polynomial motion law, as shown in Fig. 4 Dur-
ing the rise phase, the motion profile consists of a constant-
acceleration segment, a constant-velocity segment, and a
constant-deceleration segment.


s = h1

θ2
1
ϕ2 (0< ϕ < θ1)

s = h1+
h−h1−h2
θ−θ1−θ2

(ϕ− θ1) (θ1 < ϕ < θ − θ2)
s = h− h2

θ2
2

(θ −ϕ)2 (θ − θ2 < ϕ < θ)
(1)

Here s is displacement; v is velocity; a is acceleration; J is
jerk; θ is the total rise angle; θ1 and θ2 are the cam angles for
the acceleration and deceleration phases of the rise, respec-
tively; h is the total rise lift; h1 and h2 are the lifts for the ac-
celeration and deceleration phases, respectively; and φ is the
cam rotation angle. To ensure that the displacement curve is
continuously differentiable and the velocity curve is free of
discontinuities, θ1, θ2, h1, and h2 must satisfy the following

conditions:

θ1 =
2h1

h+h1+h2
θ

θ2 =
2h2

h+h1+h2

}
. (2)

Subsequently, optimization principles are applied to deter-
mine the optimal positions of the transition points – specifi-
cally the values of h1, h2, θ1, h2, θ1, and θ2. The optimization
objective is to minimize the Vm, Am, and Jm values of the
cam mechanism. Accordingly, the objective evaluation func-
tion is established as follows:

f (x)=
L∑
i=1

ωifi(x), (3)

where the weighting factor ω must satisfy the normalization,
specifically

L∑
i=1

ωi = 1. (4)

Due to the differing dimensions of the sub-objective func-
tions, a unified objective function cannot accurately reflect
their relative importance. Consequently, it is necessary to
perform non-dimensionalization on the dimensional sub-
objective functions f ′i (x) to derive the functions fi(x). Let

fi(x)=
f ′i (x)

minx∈Df ′i (x)
. (5)

To reduce the design complexity of the cylindrical cam pro-
file groove while satisfying design requirements, this study
adopts a symmetrical structure; i.e., θ1 = θ2. Based on this
approach, the sub-objective functions Vm Am and Jm are re-
formulated as f ′1(x), f ′2(x), and f ′3(x), respectively, yielding

f ′1(x)= h−h1−h2
θ−θ1−θ2

f ′2(x)= 2h1
θ2

1
f ′3(x)= 0

 . (6)

When θ1 = 0,θ2 = 0,

min
x∈D

f ′1(x)=
h

θ
. (7)

When θ1 = θ/2,θ2 = θ/2,

min
x∈D

f ′2(x)=
4h
θ2 . (8)

The equations are non-dimensionalized to yield
f1(x)= h−2h1

θ−2θ1
·
θ
h

f2(x)= h1θ
2

2hθ2
1

f3(x)= 0

. (9)
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Figure 4. Curve diagram of constant-velocity motion law with quadratic term correction: (a) displacement, (b) velocity, and (c) acceleration.

Assuming each weighting factor is set as ω =

[ω1,ω2,ω3]T = [0.4,0.5,0.1]T , Eq. (3) can be rewrit-
ten as

minf (x)= 0.4 ·
h− 2h1

θ − 2θ1
·
θ

h
+ 0.5 ·

h1θ
2

2hθ2
1
+ 0.1 · 0. (10)

The constraints are given as follows:

0≤ θ1 ≤
θ

2

0≤ h1 ≤
h

2

θ1 =
2h1

h+ 2h1
· θ

h1 =
θ1

2θ − 2θ1
·h

. (11)

In the MATLAB Optimization Toolbox, the solution ob-
tained is as follows:

θ1 = 0.2929θ,h1 = 0.2071h. (12)

During the connection process, the electrode cylindrical
cam rotates through a total angle of 180. Its groove profile
is divided into three segments designed according to dif-
ferent kinematic laws. The first segment is designed based
on the relationship between rotation angle and displacement.
The second segment is designed using the selected optimized
quadratic-modified uniform-velocity motion law. The third
segment employs the same design method as the first seg-
ment. In the second curved groove segment, the electrode
cylindrical cam has a rise angle of θ = 30° and a rise distance
of h= 8 mm. Substituting these parameters into Eq. (12)
yields θ1 = 8.8° and h1 = 1.7mm. Based on the displacement
equation of the quadratic-modified uniform-velocity motion
law, the optimized displacement curve can be obtained, and a
schematic illustration is shown in Fig. 5b. Substituting these
values into the displacement curve and selecting a roller ra-
dius r = 2 mm as specified by the design requirements, the
optimized working contour of the electrode cylindrical cam
can be plotted.

The linear cam follower is likewise designed using the op-
timized quadratic-modified uniform-velocity motion law. For

the first curved groove segment, the rise angle is θ = 70° and
the rise distance is h= 19 mm. Substituting these parameters
into Eq. (12) yields θ1 = 20.5° and h1 = 3.9mm. The calcu-
lation method for the remaining curved groove segments is
identical to that described above. Following these steps se-
quentially to solve and plot the profile, the working contour
of the linear cam can be obtained, as shown in Fig. 5c.

4 Dynamic simulation analysis of interface docking

During both positioning and rigid-connection phases, con-
tact collisions arise between rigid components, exemplified
by interactions such as those between power supply pins and
electrode slots, as well as between rollers and cam profile
grooves. These collisions are transient in duration and in-
volve substantial contact forces, which exhibit pronounced
nonlinear behavior (Zhao et al., 2021). Consequently, deter-
mining the collision force constitutes a nontrivial computa-
tional challenge. Two principal approaches are commonly
employed: the impact function method and the restitution
method. Due to the difficulty in accurately configuring the
associated parameters in the restitution method, the impact
function method is adopted herein for collision force com-
putation. In the impact function method, the contact force
between two components is evaluated via an impact func-
tion, which comprises two constituents: an elastic force and a
damping force. The damping component originates from the
relative velocity between the two bodies, whereas the elastic
component results from their mutual penetration. The gen-
eral form of the impact function is expressed as follows:

Fimpact =

 0
k(q0− q)e− c · (dq/dt)
·step(q,q0− d,1,q00)

q > q0
q ≤ q0.

(13)

In the expression, k denotes the stiffness coefficient; q0
represents the initial distance between the two colliding
parts; q is the actual distance during the collision process;
e stands for the impact exponent; c indicates the damping
coefficient; and d refers to the penetration depth, also known
as the interference distance.

To avoid discontinuity in the damping force during the col-
lision process, a step function is introduced in the expression.
Its general form and computational expression are given as
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Figure 5. Cam optimization design: (a) schematic of optimized displacement curve, (b) curved groove of electrode cylindrical cam, and (c)
curved groove of linear cam.

follows:

step=

 h0
h0+α·

h1

12 (3− 21)
x ≤ x0
x < x0 < x1
x ≥ x1,

(14)

where α = h1−h0 and 1= (x− x0)/(x1− x0).
The accuracy of the contact force model established

through the impact function is significantly influenced by pa-
rameter settings. In collision contact force simulations, the
parameters that need to be determined include the stiffness
coefficient k, the impact exponent e, the damping coefficient
c, and the penetration depth d .

For collisions between rotating objects, the stiffness co-
efficient can be approximately determined according to the
following expression:

k = 4/3 R1/2E∗, (15)

where the equivalent radiusR and the equivalent elastic mod-
ulus E∗ can be obtained from the following equations:{

1
E∗
=

1−v2
1

E1
+

1−v2
2

E2
1
R
=

1
R1
+

1
R2

, (16)

where R1 and R2 are the radii of the two colliding objects
at the point of collision, v1 and v2 are Poisson’s ratios of the
two objects, and E1 and E2 are the elastic moduli of the two
objects.

The friction force induced by contact slip can be calculated
using the equation below:

Ffriction = µFimpact, (17)

where Ffriction is the friction force, and µ is the friction coef-
ficient.

The impact exponent e reflects the degree of nonlinearity
in the material behavior. The value of the impact exponent is
taken as 1.5 for metal-to-metal contacts and 2 for rubber-like
materials. During the collision process, energy dissipation is
represented by the damping coefficient c, whose value typ-
ically ranges from 0.1 % to 1 % of the stiffness coefficient.
In this section, c is taken as 100 N (m s−1)−1. At the instant

of initial contact between the objects, no damping force is
present. As the interference distance increases, the damping
force grows accordingly until it reaches its maximum value.
The interference distance at which the maximum damping
force occurs is defined as the penetration depth d, which is
typically set to 0.1 mm.

The docking between modules is initially accomplished by
a robotic arm that establishes preliminary contact and posi-
tioning between the active and passive modules. In the pres-
ence of positional misalignment between the two modules,
the conical holes on the cover of the active power pins and
the tapered openings of the passive electrode slots compen-
sate for the initial docking deviation. Under the control of the
robotic arm, corrections in pitch, yaw, and roll directions are
performed, thereby relaxing the required operational preci-
sion of the robotic system. After eliminating the initial posi-
tional deviation between the modules, the interface drive mo-
tor continues to operate, driving the cam mechanism to rotate
and complete the rigid connection between the interfaces.

In the simulation of the interface process, contact colli-
sion settings are configured according to the parameters es-
tablished in the preceding section. The electrode cylindrical
cam and the rotating cam rotate synchronously. During the
positioning and rigid-connection phases, the electrode cylin-
drical cam rotates 180°, causing the electrode telescoping
follower to ascend 8 mm in the vertical direction. Simulta-
neously, the rotating cam rotates 180°, driving the extension-
engaging follower to rotate 110° and rise 21.8 mm vertically.

The interface connection process consists of six sequential
stages. The first stage (0–5 s) is the initial alignment phase.
As shown in Fig. 6a, the passive interface remains station-
ary while the rotating cam on the active interface rotates 50°
under drive actuation. Both the extension-engagement fol-
lower and the electrode telescopic follower remain station-
ary, resulting in a 50° angular offset between the rotating cam
and the extension-engagement follower. The second stage
(5–12 s) involves positioning and initial insertion, as shown
in Fig. 6b. Between 5 and 8 s, the electrode cylindrical cam
drives the electrode telescopic follower upward by 8 mm to
its highest position, enabling the power pins to engage the
electrode slots and complete electrical alignment. Thereafter,
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Figure 6. Docking and locking process of interface prototype.

the power pins remain fixed at this elevated position. From
5 to 12 s, the rotating cam rotates an additional 70°, caus-
ing the extension-engagement follower to rotate 70° and rise
approximately 19 mm vertically, positioning it about 3 mm
above the top plate. It should be noted that minor deviations
in the actual vertical travel of the extension-engagement fol-
lower from the designed value of 19 mm occur due to slight
geometric alterations in the cam groove profile resulting from
file format conversion during model import; however, these
deviations remain within acceptable limits. The third stage
(12–14.8 s) corresponds to pre-locking preparation, as shown
in Fig. 6c. During this phase, the power pins remain sta-
tionary, and for clarity of visualization, non-moving compo-
nents are hidden in the figure. The rotating cam rotates 28°,
driving the extension-engagement follower to rotate 8° and
creating a 20° angular offset relative to the cam, while the
follower ascends a further 2 mm vertically. The fourth stage
(14.8–15.6 s) is the locking ascent phase, as shown in Fig. 6d.
The rotating cam and the extension-engagement follower ro-
tate synchronously by 8°, and the locking blade rises with
the follower by about 2 mm to its highest position. The fifth
stage (15.6–16.6 s) is the locking hold phase, as shown in
Fig. 6e, during which the rotating cam and the follower ro-
tate together by 10°, with the follower maintaining its maxi-
mum vertical height. The sixth and final stage (16.6–18 s) is
the final compression phase, as shown in Fig. 6f. Here, the
rotating cam and the follower rotate together by 14°, while
the follower descends approximately 1.2 mm vertically. This
downward movement presses the active locking blade firmly
against the passive locking blade, thereby completing the
rigid locking connection between the active and passive in-
terfaces. The resulting displacement curves of the extension

Figure 7. Motion curves of key interface components: (a) Centroid
displacement curve of extending and screwing follower, (b) cen-
troid displacement curve of electrode telescopic follower, (c) veloc-
ity curve of extending and screwing follower, and (d) acceleration
curve of extending and screwing follower.

follower and the electrode telescopic follower obtained from
the simulation are shown in Fig. 7, respectively.

Figure 7c and d show the velocity curve and acceleration
curve of the extension-engaging follower, respectively. It can
be seen from the simulation results that the follower exhibits
slight velocity fluctuations during operation, with a maxi-
mum velocity of approximately 0.01 m s−1 and a peak accel-
eration of around 4.58 m s−2. The occurrence of the afore-
mentioned velocity and acceleration fluctuations stems from
the reserved fit clearance between the cam curve groove and
the follower roller. From the quantitative data of velocity
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fluctuation amplitude and peak acceleration, the magnitude
of such fluctuations is extremely small, which fully satisfies
the design requirements for the mechanism’s motion stability
and low-impact performance.

For the electrode cylindrical cam mechanism, dynamic
simulations were conducted using the optimized constant-
velocity motion law with quadratic modification and the op-
timized constant-velocity motion law with simple harmonic
modification, respectively, to determine the contact collision
forces between the roller and the cam groove profile along
the X, Y , and Z directions. Figure 8a–c show the colli-
sion forces under the optimized quadratic-modified constant-
velocity motion law, while Fig. 8d–f present the results under
the optimized simple harmonic-modified constant-velocity
motion law. The simulation results indicate that, under the
optimized quadratic-modified constant-velocity motion law,
the maximum contact collision forces between the roller and
the groove in the X, Y , and Z directions are 4.3, 12.5, and
55° N, respectively. To further evaluate the influence of the
motion law on contact performance, a comparative analy-
sis was performed using the optimized simple harmonic-
modified constant-velocity motion law. The results show that
the corresponding maximum collision forces in theX, Y , and
Z directions are 5.5, 16.2, and 87° N, respectively.

A comparative analysis of the peak collision forces cor-
responding to the two optimized motion laws demonstrates
that the quadratic-modified law achieves lower peak forces
across all three directional degrees of freedom. The magni-
tude of the peak collision force directly characterizes the in-
tensity of impact loads and inertial effects acting between
the cam groove and the roller. Lower peak values corre-
spond to mitigated impact and inertial forces, which are con-
ducive to minimizing contact wear and prolonging the ser-
vice life of the mechanism. Therefore, in terms of reducing
contact collision forces and suppressing mechanism wear,
the optimized quadratic-modified constant-velocity motion
law presents more excellent dynamic performance.

The peak collision forces between the roller and the cam
curve groove in the X, Y , and Z directions are summa-
rized in Table 1. As indicated in the table, when the op-
timized quadratic-modified constant-velocity motion law is
employed, the peak collision forces in all three directions
are consistently lower than those obtained with the opti-
mized simple harmonic-modified constant-velocity motion
law. Lower collision forces contribute to reduced wear be-
tween the cam groove and the follower, thereby minimizing
transmission errors in the interface. These results validate the
appropriateness of the selected motion law for the follower
mechanism.

5 Experimental validation

To systematically evaluate the assembly smoothness and op-
erational reliability of the proposed integrated interface, this

study conducted dedicated validation experiments to assess
its working capability under realistic operating conditions.
A 6-degree-of-freedom industrial robotic arm was employed
as the actuation mechanism, coupled with a purpose-built
docking module to replicate the structural engagement and
loading scenarios encountered in actual application environ-
ments. The progression of the experiment is clearly illus-
trated in Fig. 9a. In the tests, a payload of 4.8 kg was ap-
plied to examine the interface’s mechanical stability and de-
formation control under load-bearing conditions. The inter-
face bodies were rigidly mounted on both the docking mod-
ule and the end-effector flange of the robotic arm, thereby
ensuring repeatable installation accuracy in spatial pose.

A hierarchical positioning strategy was adopted for align-
ment. Initially, coarse positioning was performed using the
machine vision system integrated with the robotic arm; im-
age recognition and feature-matching algorithms were uti-
lized to extract the spatial coordinates of target markers, gen-
erating preliminary alignment commands. Subsequently, the
process transitioned to a tolerance-based autonomous dock-
ing mode intrinsic to the interface design, which guaran-
tees accurate connection even when positional deviations lie
within a prescribed tolerance envelope. This two-stage ap-
proach effectively mitigates the influence of initial pose er-
rors on docking success rate and enhances the system robust-
ness against variations in illumination or partial occlusions.

The overall docking procedure was designed to evaluate,
in a single integrated test sequence, three critical perfor-
mance metrics: docking tolerance – the ability to achieve
reliable connection within permissible deviations in posi-
tion and orientation, encompassing the combined allowance
for translational and angular misalignments; docking time
– the total duration from completion of visual coarse po-
sitioning to establishment of a rigid lock via interface en-
gagement, reflecting the system’s dynamic response and op-
erational efficiency; and load capacity – the maximum load
threshold at which the interface maintains structural integrity
and functional operability under sustained loading condi-
tions. Through these multidimensional assessments, the in-
terface’s comprehensive performance can be fully character-
ized in terms of kinematic compatibility, dynamic matching,
and long-term service reliability.

To comprehensively evaluate the structural load-bearing
performance of the designed interface, systematic mechan-
ical property tests were conducted to characterize its ten-
sile and compressive capabilities. High-precision mechani-
cal testing equipment was employed to apply controlled axial
tensile and compressive loads, thereby obtaining deformation
and failure characteristics under ultimate loading conditions.

In the tensile performance test, a monotonically increas-
ing tensile force was applied along the interface’s connec-
tion axis at a constant loading rate until the preset limit of
6000 N was reached, as shown in Fig. 9b-I. Throughout the
loading process, no significant plastic deformation, displace-
ment loosening, or structural failure was observed, indicat-
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Figure 8. Collision force of roller: (a) collision force of roller in X direction, (b) collision force of roller in Y direction, and (c) collision
force of roller in Z direction.

Table 1. Collision force peak values between roller and curve groove.

Motion law X direction (N) Y direction (N) Z direction (N)

Quadratic modified 4.3 12.5 55
Simple harmonic modified 5.5 16.2 87

ing that the interface maintained good geometric stability and
connection stiffness under high-tensile loading. This ultimate
tensile load substantially exceeds the expected docking load
range for most on-orbit assembly missions, thereby verifying
– from a static load standpoint – the interface’s reliability for
aerospace reconfigurable satellite applications.

In the compressive performance test, an incremental load-
ing scheme was similarly adopted to apply axial compres-
sive force, progressively increasing it to a limit of 400 N,
as shown in Fig. 9b-I. Experimental results showed that at
this pressure threshold the interface retained its complete ge-
ometric form and mechanical continuity, exhibiting no visi-
ble crushing, microcracking, or fracture. These observations
demonstrate excellent compressive load-bearing characteris-
tics and resistance to localized instability. Together, the bidi-
rectional tensile and compressive tests constitute a complete
static load-capacity assessment framework, quantitatively re-
vealing the safety margin and structural robustness of the in-
terface under typical aerospace loading conditions and pro-
viding direct mechanical evidence for its practical deploy-
ment.

To further investigate the interface’s service performance
in extreme thermal environments representative of space,
high- and low-temperature operational adaptability tests
were carried out. The environmental temperature was set
within a range of −50 to +70 °C. Each test cycle comprised
low- and high-temperature phases, each lasting 3 h, with a
0.5 h thermal soak at the target temperature prior to interface
activation and execution of a full docking sequence. Specif-
ically, the procedure began with a 0.5 h soak at −50 °C, fol-
lowed by interface activation and one autonomous docking;
this sequence was repeated three times. The environment was
then switched to +70 °C, and the same soak-and-dock pro-
cedure was repeated three additional times. The experimental

setup is shown in Fig. 9c, which documents the internal lay-
out of the thermal chamber and the temperature settings.

Test results indicated that the interface successfully com-
pleted docking tasks at both −50 and +70 °C. No position-
ing inaccuracy, connection failure, or motion jamming at-
tributable to thermal expansion and contraction of materi-
als was observed, demonstrating favorable high- and low-
temperature resistance and thermal stability. It can there-
fore be concluded that the interface remains fully functional
within the typical orbital thermal environment of spacecraft,
meeting the stringent requirement for wide-temperature-
range adaptability of connecting components in aerospace
reconfigurable platforms.

To verify the functional completeness of the designed in-
terface in terms of electrical and data signal transmission,
a dedicated connectivity test was conducted, as shown in
Fig. 9d. The test architecture employed a unilateral power
supply and bilateral signal communication scheme: the ac-
tive side of the interface was connected to a stable 12 V DC
power source, while the passive side had no independent
power unit and only retained signal reception and forwarding
circuitry. This configuration simulated the asymmetric power
supply conditions that may arise after modular satellites are
docked in orbit. Upon completion of mechanical docking, the
passive interface successfully received both electrical energy
and modulated signals transmitted from the active interface,
driving its onboard status indicator to illuminate. This visu-
ally confirmed the establishment of an electrical pathway. To
quantitatively assess signal fidelity, a high-speed digital os-
cilloscope was used to synchronously capture the electrical
waveforms at both the active and the passive ends. Compara-
tive analysis revealed that the waveform captured at the pas-
sive end was identical to the output waveform from the active
end in terms of amplitude, frequency, and pulse timing, with
distortion levels below the resolution limit of the measuring
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Figure 9. Interface reliability tests: (a) robotic-arm-reconfigurable module docking test, (b) mechanical performance test, (c) high- to low-
temperature docking test, and (d) interface signal transmission test.

instrument. This indicates that the interface maintains high
signal integrity and low transmission loss during operation.

The test not only demonstrated the interface’s ability to
provide reliable DC power transfer, but also verified its trans-
parent transmission capability for digital and analog data sig-
nals. Specifically, without reliance on additional relay de-
vices, a data link between modules could be established in-
stantaneously upon docking. The excellent waveform con-
sistency implies that the internal contact structures and sig-
nal channels possess superior electrical contact stability and
interference immunity, enabling maintenance of communica-
tion quality under space–environment factors such as vibra-
tion, thermal variation, and microgravity.

Through systematic experimental validation, this section
comprehensively evaluated the integrated interface’s perfor-
mance in mechanical docking, static load bearing, extreme-
temperature adaptation, and electrical/data transmission. Re-
sults show that the interface achieves high-precision, highly
robust autonomous docking while retaining structural in-
tegrity and functional stability under tensile and compres-
sive loads of 6000 and 400 N, respectively, with a signifi-
cant safety margin. It operates reliably over a wide temper-

ature range of −50 to +70 °C, exhibiting excellent thermal
stability and resistance to environmental disturbances. Un-
der unilateral power supply conditions, it enables low-loss,
high-fidelity transmission of both electrical energy and data
signals, ensuring instantaneous establishment of plug-and-
play communication links concurrent with mechanical con-
nection. These performance attributes confirm that the inter-
face meets the high-reliability requirements of aerospace re-
configurable satellite applications in terms of kinematic com-
patibility, dynamic matching, thermal environmental adapt-
ability, and electrical connectivity.

6 Conclusions

Modular units and interface devices, as core components
of reconfigurable spacecraft, play an irreplaceable role in
spacecraft assembly, reconfiguration, maintenance, and ser-
vicing – their performance directly governs mission flexibil-
ity and reliability. This paper presents a full-process inves-
tigation into modular units and interface devices, covering
design, optimization, and verification. First, structural and
functional designs were completed: the interface principle
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based on a composite cylindrical cam mechanism was de-
tailed, and key components (e.g., power pins, motor slots)
were integrated to enable mechanical locking and electri-
cal signal transmission. Second, to mitigate transmission
errors, the follower motion law was optimized by adopt-
ing the optimized quadratic-modified uniform-velocity mo-
tion law, which enhances transmission smoothness. Sub-
sequently, dynamic analysis and experimental verification
were conducted. The vertical lift distances of the locking-
extending helical follower and the power-connecting elec-
trode telescopic follower were measured to be 21.8 and
8 mm, respectively. Comparative simulations of the peak
roller–groove collision forces under two distinct motion laws
verified the rationality of the adopted motion law. Further
verification via ADAMS software modeling and prototype
tests confirmed the engineering feasibility of locking and
power pin docking functions. Finally, a series of tests –
including robotic arm docking, mechanical (tensile load:
6000 N; compressive load: 400 N), high- to low-temperature
(−50 to +70 °C), and signal transmission tests – system-
atically verified the interface’s comprehensive reliability in
rapid precise docking, extreme load/environmental adapta-
tion, and low-loss high-fidelity electrical/data transmission.

This paper establishes a complete research paradigm for
reconfigurable modular interfaces, from conceptual design to
multi-condition experimental verification. Test results pro-
vide detailed data support for interface design, proving the
feasibility of the proposed solution for aerospace reconfig-
uration tasks. The study not only constructs a theoretical
method system for multi-condition performance verification
but also forms a reproducible benchmark database at the ex-
perimental level, laying a solid foundation for modular con-
nection technologies in complex missions (e.g., deep-space
exploration, large-scale space platforms, on-orbit manufac-
turing). It holds significant engineering promotion value and
scientific research significance.
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