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Abstract—This paper proposes a new active bonding mechanism
that achieves rigid, reversible, and nonback-drivable coupling between modular mobile robots in a chain formation. The first merit
of this interface lies in its ability to operate in three independent
modes. In the drive mode, the motor torque is routed to drive the
module. In the clamp mode, the motor torque is redirected toward
an active joint that enables one module to rotate relative to its
neighbors in the formation. In the neutral mode, the motor’s rotation achieves alignment between the interface’s components prior
to the initiation of the drive and clamp modes. The second merit
stems from the dual-rod slider rocker (DRSR) mechanism, which
toggles between the interface’s three modes of operation. The design details of the interface are presented, as well as the optimal
kinematic synthesis and dynamic analysis of the DRSR mechanism.
Simulation and experimental results validate the DRSR’s unique
kinematics, as well as the rigidity and the three operation modes
of the docking interface.

TABLE I
SAMPLE OF EXISTING MODULAR ROBOTS WITH THEIR RESPECTIVE
DOCKING INTERFACES

Index Terms—Active docking, dual-rod slider-rocker mechanism (DRSR), modular robotics, multiobjective optimization.

I. INTRODUCTION
HAPE metamorphosis in modular robotics refers to the
process of coupling multiple agents of a swarm into a formation that augments the capabilities of the individual module.
The chain or lattice architectures [1], [2] resulting from manual
or autonomous reconfiguration [3], [4] enable the scaled formation to exhibit behaviors or accomplish tasks that otherwise will
be impossible to achieve with a single module [5]. Most notably,
shape reconfiguration in modular robotics enables a formation
of agents to deliver hybrid locomotion patterns such as walking,
rolling [6], climbing [7], and undulating, or provide multiarm
manipulation for high payload tasks [8].
The key enabling component of shape metamorphosis is the
docking interface [9]–[11], which couples modules together
in the desired formation. Typically, these interfaces are either
gender [12] or genderless [13], and are developed with either
magnets, electromagnets, grippers, or mechanical connectors
actuated via shape memory alloys [14]. More recently, other
techniques were also investigated for modular coupling, such as
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mechanical latching [15] and vacuum-based bonding via suction forces [10]. A summary of relevant existing interfaces and
their respective robots is provided in Table I, with a more comprehensive comparison available in [16].
Although many interesting mobility and manipulation tasks
have thus far been demonstrated with existing modular mobile
robots [17]–[30], their ability to deliver high payload capacity
and operate efficiently on a real terrain is yet to be proven. In fact,
with current modular technology [1], [16], [31], a rigid-structure
robot tailored to operate on a specific terrain layout is more likely
to outperform its modular counterpart, despite the versatility
in mobility that the latter can deliver through reconfiguration.
This limitation is attributed to the docking interface, which for
practical mobility and manipulation applications is required to
meet the following specifications:
1) Rigidity: to provide coupling strength between modules
and enable a scaled modular formation to behave as a
rigid-structure robot.
2) Reversibility: to enable modules to dock and transform
the shape of the formation, or undock and revert back to
individual mobility.
3) Nonback-drivability: to prevent undesirable disconnection
in the formation under excessive loading.
Developing an active coupling interface that accommodates
these requirements remains a challenging objective. This is because the satisfaction of these specifications often comes at the
expense of the size, the weight, and the number of actuators
in the interface. These considerations are critical for modular
robotics, where the objective is to maintain the simplicity of
individual modules, while allowing scalability in size by coupling rudimentary modules into larger formations.
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To address these issues, this paper proposes a new design for
active coupling that combines rigidity, reversibility, and nonback-drivability in an interface that exhibits two main attributes:
1) A torque recirculation scheme, which uses one central
high-torque motor to deliver three independent modes
of operation. Through a motorized sequential selection
mechanism, the proposed interface can drive the module,
align the active mating parts of two adjacent modules prior
to docking, and create a rigid non-back-drivable joint that
enables one module to rotate relative to its neighbor in a
scaled formation.
2) Compactness, where the torque recirculation scheme reduces the number of high-torque motor/gearbox assemblies by two, which in turn reduces the size and weight of
individual modules.
The second merit of this paper lies in the DRSR mechanism,
which operates the toggling mechanism that enables the tristate
operation of the proposed interface. Its value is evidenced, not
only in the role it plays in initiating the tristate operation of the
interface, but also in its broader industrial applications, and in
its small footprint which further adds to the compactness of the
interface.
In the ensuing discussion, a motivating application of the
proposed coupling interface is first presented in Section II, followed by an optimal kinematic and dynamic analysis of the
DRSR mechanism in Sections III and IV. This analysis is supplemented by a proof of concept prototype in Section V, which
experimentally validates the interface’s three modes of operation, and its rigidity relative to existing modular robots.
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Fig. 1. Schematic of STORM’s locomotion module, showing hybrid multidirectional mobility and the two components of the docking interface.

II. MOTIVATING APPLICATION AND OVERALL DESIGN
A. STORM Modular Robot
The motivations of the proposed docking interface are attributed to reconfigurable robotic research such as STORM [32],
which represents an on-going development of modular robots
for high-capacity mobility and manipulation. Although the focus of this paper is on rigid non-back-drivable coupling, an
overview of STORM is first presented in order to motivate the
ensuing discussion with a prospective application.
STORM is comprised of two independent modules: a locomotion module shown in Fig. 1 and a manipulation module
shown in Fig. 2. The locomotion module consists of a hybrid
combination of wheels and tracks. These are cascaded along
two orthogonal mobility axes in a way to provide bidirectional
locomotion for the module. A motorized leadscrew mechanism
toggles between the two mobility modes and enables the module
to deliver hybrid mobility along three orthogonal axes. That is,
the tracked units can be deployed to provide longitudinal mobility (Y -axis) with Hilare-type steering. Likewise, the wheeled
units can be deployed via translation along the vertical prismatic
axis (Z-axis); lifting the tracks above the ground to enable lateral mobility (with Hilare-type steering) as illustrated in Fig. 1.
On the other hand, the manipulation module (see Fig. 2) consists of two tracked units with differential steering, and further
carries a one-link arm with an end-effector which provides basic
manipulation in the undocked configuration.

Fig. 2. CAD model of STORM’s manipulation module showing the central
arm and the end-effector.

Docking between different modules of STORM is enabled by
the coupling interface which represents the scope of this paper.
This interface is composed of a male part called the T-Mech
(Translational Mechanism), carried by the locomotion module,
and consisting of a non-back-drivable telescopic shaft that translates along the lateral direction (X-axis) from either side of the
module. Alternatively, the female part of the coupling mechanism, called the C-Mech, can be carried by either the locomotion
or the manipulation module, and consists of a clamping device
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Fig. 3. Two sample STORM formations: (a) Three locomotion modules.
(b) Two locomotion and two manipulation modules.

Fig. 4. Docking shaft with the hexagonal neck and the interference holes that
mate with the protruded pins of the clamps

and a torque recirculation scheme, both enabled by a DRSR
mechanism.
Alignment between the T-Mech’s and the C-Mech’s components is provided by the multidimensional mobility of the locomotion module [32]. This enables a swarm of modules to dock
into different configurations, such as the three- and four-module
sample formations shown schematically in Fig. 3. The overall
articulated structure of STORM was inspired by the design of
the hybrid mechanism mobile robot [42]–[44].
B. Overall Design of the Docking Interface
The coupling interface proposed in this paper satisfies the
requirements of rigidity, compactness, reversibility, and nonback-drivability, and comprises two independent male (T-Mech)
and female (C-Mech) components.
1) T-Mech: The T-Mech consists of a docking shaft whose
linear motion is enabled by a motorized rack and pinion mechanism, where the rack is integrated in a rectangular groove inside
the shaft (see Fig. 4). This translational motion is guided by two
linear guides (see Fig. 1) which disable the rotation of the shaft
around its centroidal axis. The docking shaft also carries two
hexagonal necks—one on each end of the shaft—which mate
with the combined hexagonal aperture created by the clamps of
the C-Mech in the clamp mode.

Fig. 5. CAD illustration of the proposed coupling mechanism showing all
relevant mechatronic components.

Furthermore, in order to prevent the hexagonal neck from slipping inside the clamps under excessive torsional loading, two tapered pins, one carried by each clamp, create a physical interference with the mating holes of the shaft’s neck (see Fig. 4). This
interference significantly increases the structural rigidity of the
interface as will be demonstrated experimentally in Section V.
2) C-Mech: The C-Mech (see Fig. 5) represents the key component that enables the interface to operate in three independent
modes and consists of a motorized DRSR mechanism that translates two clamps along two parallel rails (see Fig. 6). A selection
geared-motor actuates the rocker via the C-Mech’s worm and
worm gear assembly. This assembly rotates the dual rods to
initiate the clamps’ translation, while ensuring the mechanical
non-back-drivability of the mechanism in this mode.
Each clamp further carries an external gear segment (see
Figs. 5 and 6) that engages the internal gear of the coupler.
This coupler is rigidly connected to the driving element of the
module, such as a wheel or a pulley as shown in the transmission schematic of Fig. 6(a). The rectangular frame that houses
the C-Mech components is connected to a central hollow main
shaft supported by ball bearings, while itself providing linear
bearing support for the driving element of the module (wheel,
pulley, etc.). This shaft carries a worm gear in the center, which
transmits the torque of a central motor directly to the rectangular
frame and all the elements connected to it. This direct transmission causes the C-Mech to rotate at the same speed as that of the
main shaft at all time.
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Fig. 6.

843

(a) Simplified transmission schematic of the C-Mech. (b) Drive Mode. (c) Neutral mode. (d) Clamp mode. (e) Control block diagram.

The electrical components of the C-Mech are powered by a
battery carried by the module. Power is transmitted via two pairs
of graphite brushes [see Fig. 6(a)]. One pair transmits electrical
current from the module to the coupler, while the other pair
transmits current from the coupler to the rectangular frame, thus
enabling the C-Mech to rotate continuously inside the coupler
without being limited by wire entanglement. These electrical
brushes create contact with two printed circuit boards (PCB)
carrying two isolated copper rims, where one rim connects to
the power terminal, and the other connects to the ground. The
first PCB [see PCB-F in Fig. 6(a)] is attached to the frame of
the module, while the other is attached to the internal section of
the coupler [PCB-C in Fig. 6(a)].
To further support the continuous rotation of the C-Mech
inside the coupler, sensor data and motor control commands
are transmitted wirelessly between the C-Mech and the module.
This communication protocol is based on the block diagram
shown in Fig. 6(e), where a wireless network is established with
two X-Bee RF receivers (2.4 GHz): one being carried by the
module and the other by the C-Mech (see Fig. 5). Data packages
shared on this network include linear encoder measurements
which monitor the displacement of the two sliders, pressure
sensing from the appendix [see Fig. 6(a)] which detects the
end of the docking shaft’s linear stroke, and position command
signals to actuate the selection motor.
C. Modes of Operation
1) Drive Mode: The default operation mode of the tristate
docking interface is the drive mode, which is initiated via the
DRSR by engaging the top and bottom external gears with the
internal gear of the coupler as shown in Fig. 6(b). When this
happens, the torque of the central motor causes the coupler to
rotate at the same speed as that of the main shaft. However,
since the external gear segments engage the internal gear in this

mode, the motor torque will be directly transmitted to the drive
pulley (or the drive wheel) through the coupler.
Furthermore, if the module is driven by tracks and pulleys, a uniform torque transmission to the tracks can be established with an offset spindle drive [see Figs. 5 and 6(a)–
(b)] in the event where the motor shaft splits the pulleys in
the middle (see Fig. 5). This spindle transmits the torque from
the drive pulley to the driven pulley via two spur gears (see
Fig. 5), where each gear is connected to each section of the
pulley.
2) Neutral Mode: In the neutral mode, the clamps are positioned somewhere along the rails to disengage the internal gear
as shown in Fig. 6(c). When this happens, the torque of the central motor causes the C-Mech to rotate idly inside the coupler.
This idle rotation enables the alignment and reorientation of the
clamps’ semihexagonal internal apertures to the hexagonal neck
of the T-Mech’s docking shaft prior to coupling.
3) Clamp Mode: In the clamp mode, the top and bottom
clamps are driven downward along the rails until the combined
hexagonal aperture of the clamps mates with the hexagonal
neck of the docking shaft [see Fig. 6(d)]. This happens during
docking between two adjacent modules, where the telescopic
shaft of the T-Mech carried by the adjacent module is inserted
inside the hollow interior of the main shaft until it is stopped
by an appendix. This appendix is connected to the rectangular
frame and further carries a pressure sensor. Its location inside the
space between the clamps and the rods [best shown in Fig. 6(a)]
is defined in a way to cause the vertical plane containing the
two protruding pins, and that containing the interference holes,
to coincide when the docking shaft is stopped by the appendix.
Once this happens, the alignment between the pins and the holes
will be reduced to a reorientation of the clamps about the axis
of the main shaft in the neutral mode.
The resulting hexagonal mating is strengthened by the mechanical non-back-drivability of the C-Mech’s worm and worm
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gear assembly and by the physical interference between the
pins and the docking shaft. This prohibits the undesirable
disengagement of the clamp mode by locking the clamps to
the docking shaft which is held stationary by the adjacent module. Such locking prevents one module from sliding away from
the other along the lateral direction (X-axis). It also disables
the rotation of the clamps relative to the docking shaft since the
two behave as a single entity in the clamp mode.
When this happens, the entire C-Mech becomes stationary
relative to the docking shaft, specifically the rectangular frame
which is connected to the main shaft. The stationarity of the main
shaft causes the central worm gear [see Fig. 6(a)] to behave as a
sun gear with respect to the worm connected to the central motor.
This converts the rotation of the central motor to a revolution
of the module carrying the C-Mech around the docking shaft
which creates an active joint for this motion. In such case, the
mobility of the formation (e.g., see Fig. 3(a) and (b)) will be
provided by the adjacent modules since the motor torque of the
middle module is redirected to rotate it around its neighbors in
the clamp mode.

D. Other Possible Integrations of the C-Mech
The selection of the DRSR mechanism in Fig. 6 is done for
two main reasons:
1) Compactness: where the small projected footprint of the
DRSR reduces the width of the C-Mech, while satisfying
the rigidity, reversibility, and non-back-drivability requirements of the interface.
2) Off-centric actuation: where the DRSRs design-driven
rocker length provides added freedom with respect to the
location of the selection motor inside the coupler. This
enables the containment of the entire torque recirculation
scheme inside the circumference of the coupler for a wider
selection of motor/gearbox assemblies.
The importance of these two advantages is put in perspective
through a type synthesis process, which highlights the significance of the DRSR relative to a comparable design with a
leadscrew-nut assembly as shown in Fig. 7(b). Albeit the leadscrew satisfies the non-back-drivability constraint, it in fact occupies a space that is ∼50% larger than the space occupied by
the DRSR mechanism if the same motor assemblies were employed for both implementations. This extra space is required,
even without the additional torque amplification stage created
by the C-Mech’s worm and worm gear assembly [see Fig. 7(a)].
Indeed, if this second gear stage is coupled to the leadscrew,
the additional space that it occupies nearly doubles the original
width of the C-Mech implemented with a DRSR. This renders the C-Mech undesirably wide and subsequently impacts
the width of the module.
We also highlight that in Fig. 7, the selection motor was
placed in series with the leadscrew in order to contain the CMech assembly inside the coupler’s circumference. Taking this
requirement into consideration, Table II provides a summary of
other possible embodiments of the torque recirculation scheme
and a description of their most pertinent shortcomings relative
to the DRSR.

Fig. 7. Comparison of different embodiments of the C-Mech: (a) DRSR mechanism. (b) Leadscrew mechanism without a second torque amplification stage.
(c) Cam-follower mechanism.
TABLE II
SHORTCOMINGS OF OTHER CANDIDATE EMBODIMENTS FOR THE TORQUE
RECIRCULATION SCHEME

III. OPTIMAL DESIGN AND KINEMATIC SYNTHESIS
OF THE DRSR
A. Nomenclature
To study the kinematics of the DRSR mechanism, we first
define a pertinent nomenclature in reference to Fig. 8.
X0 Y0
Global Cartesian frame attached to the rocker
joint.
Length of the rocker, the top rod, and the bottom
l1 , l2 , l2
rod, respectively.
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where based on the orientation of the global frame defined in
Fig. 8, d > 0 and d < 0.
From (3) and (4), it is obvious that d − |d | represents an explicit function of angle θ1 , and that d − |d | = 0 even if parameters b , l2 , and h were chosen equal to b, l2 , and h, respectively.
This infers that the top and bottom sliders do not travel the same
distance for the same rocker rotation, which prevents them from
either reaching the central plane (clamp mode), or engaging the
coupler’s internal gear (drive mode) at the same time.
C. Optimal Kinematic Synthesis
Because the DRSR’s sliders do not travel the same distance
for the same rocker rotation, an offset expression e = d + d
is defined to reflect the displacement offset between the two
sliders. This offset e is a direct function of the rocker angle θ1
and the geometric parameters that define the DRSR, where in
the most general form, one can define e as
Fig. 8.

e = f (θ1 , b, l1 , l2 , b , l2 , h, h , c, θ1,d 0 , θ1,d m a x , dm ax ).

Kinematic diagram of the DRSR mechanism.

(5)

In (5), θ2 , θ2

θ1 , θ2 , θ2
b, b
h, h
c
d, d
dm ax
θ1,d 0 , θ1,d m a x

Rocker angle, top rod angle, and bottom rod
angle relative to the Y0 -axis, respectively.
Distance between Y0 -axis and points C2 and C2
along X0 -axis, respectively.
Distance C2 C3 and C2 C3 along Y0 -axis, respectively.
Distance between X0 -axis and the central plane,
measured along Y0 -axis.
Distance between the central plane and points C3
and C3 measured along Y0 -axis, respectively.
Maximum sliders’ stroke along the rails, corresponding to the drive mode.
Rocker angle corresponding to d = 0 and d =
dm ax , respectively.

B. Position Kinematics
The kinematic diagram of the DRSR mechanism is as visualized in Fig. 8. Because the motion of the rods is constrained by
the sliders’ translation along the rails, one can express the rods’
angles in terms of the rocker angle θ1 as
sin(θ2 ) =

l1 sin(θ1 ) + b
l2

sin(θ2 ) = sin(π − θ2 ) =

(1)
l1 sin(θ1 ) + b
.
l2

(2)

With this, the vertical position d of point C3 of the top slider
can be written as a function of (1) and the rocker angle θ1 in the
global frame X0 Y0 as


2
l1 sin(θ1 ) + b
0
d = l1 cos(θ1 ) + l2 1 −
− c − h. (3)
l2
A similar derivation yields an expression for the vertical position d of point C3 on the bottom slider as follows:


2
l1 sin(θ1 ) + b
0 

d = l1 cos(θ1 ) − l2 1 −
− c + h (4)
l2

were omitted from f because of direct correlation
with θ1 as defined in (1) and (2). Thereafter, the objective of
the kinematic synthesis is to generate optimal dimensions of
the DRSR that enable the mechanism to fulfill the following
specifications imposed by the interface’s operation:
C.1 Ensure that the rocker remains contained inside the
coupler’scircumference at the clamp mode.
C.2 Ensure that e = 0 at the clamp mode.
C.3 Ensure that e  0 at the drive mode.
C.4 Maximize the efficiency of the mechanism.
C.5 Contain the value of e(θ1 ) within a maximum allowable
threshold in the intermediate stroke (neutral mode).
We note that dimensioning the DRSR mechanism to satisfy
given design specifications can be broadly done using a variety
of methods (trigonometric, algebraic, complex numbers method,
etc.) [33]. In this analysis however, we opt for a multiobjective
optimality approach [34] since it enables the formulation of a design problem with heterogeneous cost functions and constraints
(geometric, kinematic, force-based, equalities and inequalities,
etc.). This formulation aims at reducing the complexity of e in
(5), by considering the geometric and kinematic dependencies
that exist between the different parameters of the DRSR in line
with the imposed operation requirements of the mechanism.
First, we start the optimality analysis by assigning a choice
for (b, h) that maximizes the push/pull (Y0 -axis) component
of the force transmitted to the top slider via the top rod. This
is achieved by minimizing θ2 at θ1,d 0 since θ2 increases as
θ1 decreases from θ1,d m a x to θ1,d 0 . Such constraint is met by
placing joint C2 at the intersection of the minimum value of b
and the maximum value of h within the allowable geometric
range imposed by the design dimensions of the top slider.
Furthermore, a choice for (l1 , c, θ1,d 0 ) is defined to satisfy
requirement C.1 at θ1 = θ1,d 0 , irrespective of the dimensions
of the bottom rod [case illustrated in the example of Fig. 6(d)].
This choice is accomplished at θ1 = θ1,d 0 , i.e., d = 0, and is
further supplemented by a choice of dm ax that ensures the engagement of the internal gear with the external gears at the drive
mode. Such choice depends directly on the pitch diameter of the
selected internal/external gears.
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These selected values of b, h, l1 , c, θ1,d 0 , and dm ax enable the
calculation of l2 as
l22 = l12 + b2 + (c + h)2



− 2l1 b2 + (c + h)2 cos θ1,d 0 + tg −1

b
c+h


(6)

and the computation of θ1,d m a x as a solution to the implicit
quadratic equation
p cos(θ1,d m a x ) − b sin(θ1,d m a x ) =

p2 + l12 − l22 + b2 Δ
= ρ (7)
2l1

where p = c + h + dm ax . Equation (7) is satisfied for two solutions of θ1,d m a x :


−ρb ± p p2 − ρ2 + b2
1,2
−1
θ1,d m a x = sin
(8)
b2 + p 2
which generate an elbow-up and an elbow-down configuration
of the rocker and the rod. However, because the displacement
of the sliders is restricted by the engagement of the internal gear
with the external gear segment at the drive mode, the elbowdown solution, and the singular rocker/top-rod posture between
the elbow-up and elbow-down configurations, cannot practically
occur. This means that the only possible solution for (8) in this
1
.
case is θ1,d m a x = θ1,d
m ax
With these established formulations, the offset expression in
(5) can be reduced to e = f (θ1 , b , l2 , h ). However, because
such expression is a direct function of θ1 , there exist no unique
values for (b , h , l2 ) that generate a zero-offset profile (e =
0 ∀θ1 ) over the entire range θ1,d m a x ≤ θ1 ≤ θ1,d 0 .
Nonetheless, it is possible to calculate the dimensions of the
lower rod/slider assembly such that the boundary conditions corresponding to the clamp mode d = 0|θ 1 , d 0 and the drive mode
d = dm ax |θ 1 , d m a x are met. This may leave the error unbounded
in the neutral mode, which is acceptable since the sliders do
not interact with any components of the docking interface when
operating in this mode.
The first terminal condition considered is d = 0|θ (C.2),
1,d0
since it is a more stringent design requirement to ensure that
e = 0 at the clamp mode, as opposed to the drive mode where
an e < ε = 0(ε  1) can be tolerated. Note that minimizing e
at θ1 = θ1,d 0 does not necessarily yield e = 0. Thus, it becomes
necessary to first ensure that e = 0 geometrically at the clamp
mode, and then minimize e to an acceptable error ε at the drive
mode. This priority is given to the clamp mode since the two
sliders have to clamp simultaneously on the docking shaft to
create a rigid revolute joint, whereas alternatively, a full engagement of only one external gear segment with the coupler’s
internal gear suffices to initiate the drive mode.
Such priority consideration allows the derivation of an expression for l2 in terms of (b , h ), which ensures the non-violation
of this constraint ∀ b , h
l2 = l12 + q 2 − 2ql1 cos(β + θ1,d 0 )
2

where
q=



b2

+ (c −

h )2 ,

β = tg

−1



b
c − h

(9)

.

The substitution of (6) into (3) and (9) into (4) generates an
offset e in terms of θ1 , b , and h of the form
e(θ1 , b , h ) = 2l1 cos(θ1 ) +
−

l22 − (l1 sin(θ1 ) + b)2

 
b2 + (c − h )2 + l12 − 2 b2 + (c − h )2 ·

  

b
l1 cos θ1,d 0 + tg −1 c−h
− (l1 sin(θ1 ) + b )2


− 2c − h + h

(10)

with the first boundary condition defined in C.2 guaranteed
through (9), (10) can be minimized at θ1,d m a x to yield an optimal
combination of b and h that can meet the second boundary
condition as defined in C.3.
However, the cost function in (10) alone is not enough. In
fact, the optimal values of b and h should, not only minimize
e, but also maximize the push/pull (Y0 -axis) component of the
force transmitted to the bottom slider via the bottom rod. This
second objective can be achieved by defining the cost function


2
l1 sin(θ1 ) + b


(11)
ζ(θ1 , b , h ) = 1 −
l2
which denotes the efficiency (C.4) of the
bottom slider mecha 0
0
FC C  , where 0 FC C 
nism as the ratio ζ(%) = FC 1 C 2 Y
1 2
1 2
0
defines the force transmitted by the bottom rod along itsline of
action and expressed in the global frame, and 0 FC 1 C 2 Y the
0
component of 0 FC 1 C 2 along the Y0 -axis.
On the other hand, because the offset e is left unbounded
between the boundary conditions, it becomes necessary to cap
the supremum of the set e(θ1 , b , h ) to an acceptable threshold δ
in the neutral zone in line with the design requirement C.5. This
truncation, along with the geometric constraints imposed on b
and h , generates a multiobjective optimization problem which
can be resolved at the remaining boundary d = dm ax |θ 1 , d m a x to
yield an optimal pair (b , h ). The resulting optimality problem
can be stated as follows:
Min

e(θ1 , b , h )|θ 1 , d m a x

Max

ζ(θ1 , b , h )|θ 1 , d m a x

b  ,h  ∈ Ω
b  ,h  ∈ Ω

subject to

sup |e(θ1 , b , h )| < δ

and the set of geometric constraints Ω =



bm in ≤ b ≤ bm ax
hm in ≤ h ≤ hm ax
(12)

where bm in , bm ax , hm in , hm ax define the bounds of the allowable
range of values of b and h , respectively. This range is dictated
by the desirable design size of the sliders.
We note that, in (12), the value of the efficiency cost function
ζ(θ1 , b , h ) is indeed most critical at the clamp mode (θ1 =
θ1,d 0 ), where the angle between the bottom rod and the central
plane (θ2 − π/2) reaches its minimum value corresponding to
the least efficiency. However, since the maximization of ζ has
the effect of placing joint C2 at the closest possible to the Y0 axis, and at the farthest possible from point C3 along X0 -axis,
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Fig. 9.

Meshed solution space of the optimization problem defined in (13).

maximizing ζ at either the drive mode or the clamp mode has
a similar effect with respect to the optimal location of joint C2
on the bottom slider. Indeed, such location will also take into
consideration the optimal value of e as dictated by (12).
D. Optimal Solution: A Case Study
To visualize the solution of the optimal problem in (12), a
case-study design for the docking interface is proposed based
on the details illustrated in Fig. 5. For this case study, the length
of the rocker is selected at l1 = 17.7 mm, and its pivot axis is
positioned at c = 19 mm, b = 18.1 mm with θ1,d 0 = 27◦ . This
combination ensures that the rocker remains contained inside
the coupler at d = d = 0.
Furthermore, the pitch diameter of the selected internal gear
(φPD = 75 mm) and the height of the sliders dictate a maximum
stroke length dm ax = 11 mm, with the minimum value of h that
the dimensions of the sliders tolerate being h = 14.1 mm. This
yields θ1,d m a x = −4.05◦ and l2 = 31.35 mm.
Thus, for a range of 18.5 mm ≤ b ≤ 26.5 mm and
10.5 mm ≤ h ≤ 14.4 mm dictated by the dimensions of the
bottom slider, the multiobjective optimization problem in (12)
can be solved iteratively if one converts the offset cost function
into an inequality constraint. That is, since it is a design requirement to ensure that e  0 at θ1 = θ1,d m a x (C.3), the problem in
(12) can be restated as a suboptimal formulation as
Max ζ(θ1 , b , h )|θ 1 , d m a x

b  ,h  ∈ Ω





subject to g(θ1 , b , h ) =



A candidate solution of (13) is visualized in Fig. 9 as part of a
meshed space S ⊂ Λ (Λ is the meshed space of Ω). This space
is divided into five subsets of pairs (b , h ) defined as follows.
1) Subset A ⊂ S contains the pairs (b , h ) which violate g(θ1 , b , h ) and generate an efficiency ζA <
Δ opt
min (ζOptim al Subset ) = ζm
in . This subset is thus capped
opt
at the value corresponding to ζm
in .
2) Subset B ⊂ S contains the pairs (b , h ) which meet at best
one constraint of g(θ1 , b , h ) but generate an efficiency
comparable to that of the optimal subset.
3) The optimal subset encompasses the pairs (b , h ) which
meet both constraints in g(θ1 , b , h ), and thus contains the
optimal pair (b , h )opt . Note that the boundaries delineating the ensemble of optimal pairs (b , h ) are inclusive of
the optimal subset.
4) Subset C ⊂ S contains the pairs (b , h ) which violate
g(θ1 , b , h ) but generate an efficiency comparable to that
of the optimal subset.
5) Subset D ⊂ S contains the pairs (b , h ) which violate g(θ1 , b , h ) but generate an efficiency ζD >
Δ opt
max (ζOptim al Subset ) = ζm
ax . This subset is capped at
opt
the value corresponding to ζm
ax .
Fig. 9 further visualizes the variation of the efficiency ζ as
a function of the design parameters. Based on this illustration,
one can select the optimal pair (b , h )opt that maximizes the
efficiency and minimizes the offset at the upper bound of the
optimal set corresponding to b = 21.02 mm, h = 14.39 mm,
and ζ = 35.5% for this case-study.
IV. DYNAMIC SIMULATION
A case-study dynamic simulation is conducted to validate
the optimality analysis of the DRSR mechanism presented in
Section III. That is, for a given torque or velocity input to the
rocker, the objective is to prove that the optimal pair (b , h )opt
enables the sliders to simultaneously meet the boundary conditions corresponding to the clamp mode and the drive mode, while
truncating the maximum displacement offset to the threshold δ
in the neutral mode.
The equations of motion resulting from a Newtonian dynamic
balance of forces and moments acting on the DRSR’s links
generate a system of 23 equations with 23 unknowns. These can
be arranged in a matrix form [35] as
[CF (θ)]23×12 0 Fext + [Dτ ]23×1 0 τext + [V(θ)]23×2 0 θ̇

23×1
(14)
− [M]23×8 0 aG = Cω (θ, θ̇)

|e(θ1 , b , h )|)θ 1 , d m a x < ε
sup |e(θ1 , b , h )| < δ

and the set of geometric constraints

18.5 ≤ b ≤ 26.5
Ω=
10.5 ≤ h ≤ 14.4
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(13)

where ε  1 and δ < 0.6 mm for this case study. The choice
of δ is generally a design compromise between an acceptable
maximum offset e, and an acceptable minimum efficiency ξ. We
note that thereafter, the term “optimal” and “suboptimal” will
be used interchangeably.

T

and 0 Fext , 0 τext the vectors of external
with 0 θ̇ = 0 θ̇2 0 θ̇2
forces and moments acting on the links of the DRSR, respectively. In (14), CF (θ) and Dτ are the matrix coefficients of
external forces and torques, respectively. V(θ) is the matrix coefficient of angular velocities of the top and bottom rods, M
is the mass matrix, 0 aG the acceleration vector components of
the links’ center of masses, and Cω (θ, θ̇) the input vector, most
notably, the applied rocker angular velocity.
For this case-study, the rocker is set to rotate at a constant
angular speed θ̇1 = 30◦ /s. A coefficient of static friction μs =
0.3 is applied to the sliding motion along the rails and the
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Fig. 10. Comparison between numerical solution of (14) and MSC Adams
DRSR simulation for (a) Displacement of top and bottom sliders. (b) Displacement offset e. (c) Velocity difference between the top and bottom sliders, all
plotted for a rocker angular velocity θ̇1 = 30 ◦ /s.

scenario where the DRSR is driven down from the drive to
the clamp mode is simulated. A numerical solution of (14) is
first derived and the results are cross-compared with a dynamic
simulation carried on MSC Adams [36]. The results from both
solutions are plotted in Fig. 10.
In Fig. 10(a), the displacement of the top and bottom sliders is plotted as a function of time, where the time required
by both sliders to cover their full-length stroke is 1.04 s. More
importantly, both sliders start from the same position corresponding to the drive mode, and reach the clamp mode simultaneously, despite the displacement [see Fig. 10(b)] and velocity
[see Fig. 10(c)] offset that exists between the two sliders.
Moreover, Fig. 10 proves that the offset profile in the neutral zone remains bounded, with a maximum offset em ax < δ =
0.6 mm. This complies with the required operation of the interface, and further validates the optimality analysis of the DRSR
mechanism presented in Section III.
V. PROOF OF CONCEPT MODEL OF THE TRISTATE DOCKING
INTERFACE AND THE DRSR
A. Experimental Physical Model Integration
A proof-of-concept physical model was developed to demonstrate the three modes of operation of the tristate docking interface and to measure the clamping strength of the active joint
in the clamp mode. This model is also used to experimentally
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validate the kinematic properties of the DRSR mechanism, and
its ability to satisfy the terminal boundary conditions corresponding to the ascending and descending strokes, derived in
the optimality analysis in Sections III and IV.
The model shown in Figs. 11 and 12 consists of the docking
mechanism, coupled to the transmission of a small mobile robot
with a spherical wheel at the opposite end of the pulleys. A
brushless dc motor (Maxon Flat, 22 V, 0.5 A) was used to drive
the linkage mechanism with a peak power of 15 W, and was
coupled directly to a spur gearbox with a 30:1 ratio. A second
gear stage was accomplished via the C-Mech’s worm and worm
gear assembly with an extra 30:1 ratio. This gear train delivers a
peak torque of 12.5 N·m at an angular speed of 20 ◦ /s. With this
motor selection, the total weight of the first-generation C-Mech
shown in Fig. 11 was 425 g.
Similarly, the central brushless dc motor (Maxon Flat, 22 V,
3.5 A) selected for this model delivers a peak power of 50 W, and
is also coupled to a spur gearbox (26:1 ratio) and to a central
worm and worm gear assembly (30:1 ratio). This gear train
delivers a peak torque of 35 N·m at a nominal angular speed of
40 ◦ /s.
A 10-bit incremental encoder (US-Digital, 1024 CPR, 5 V
TTL) was connected to a customized shaft protruding from
the back-end of the central motor (see Fig. 11) which interfaces with its controller (all motion, EZSV-23, 5 A max, 22 V)
housed inside the module. On the other hand, a high-resolution
(5 μm/count) linear encoder (Mercury, 1520P-L30 series, 5 V
TTL), with the head attached to one slider and the scale to
the other slider, was also integrated in the C-Mech. This encoder measures the sliders’ total displacement, which is fed
to the controller of the selection motor (EZSV-17, 2 A max,
22 V) to control the clamps’ position along the rails. This sensing scheme also includes a pressure sensor (variable resistor
100 KΩ–1 MΩ), which detects the docking shaft upon contact
with the appendix. Data between the motor controllers and an
operating computer are circulated over the established local XBee network (ISM 2.4 GHz, 3.5 V, 0.2 A), as shown in Fig. 11.

B. Experimentations and Strength Quantification
With this proof-of-concept model, the three modes of operation of the proposed interface were tested as shown in Fig. 12
and in the video file in [37]. This includes the drive, neutral,
and clamp modes, where in the latter, the docking shaft was
held stationary, and the central motor was actuated to revolve
the robot around this joint (robot weight = 2.5 Kg, required
peak torque for rotation about active joint ∼4 N·m).
More importantly, this model was used to quantify the
strength of the active joint in the clamp mode, measured with
a digital torque wrench connected to the tip end of the docking shaft (Dia = 13 mm). Hereafter, we define the interface’s
strength as the maximum torque capacity of the active docking
joint. Because of the physical interference created between the
protruded pins and the neck holes, the strength of the proposed
interface is in fact independent of the clamping force applied by
the rods onto the clamps once the interference is initiated. This
property is highlighted through a finite element analysis of the
docking shaft and the C-Mech assembly in the clamp mode.
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Fig. 11. Experimental physical model of the docking interface showing the C-Mech connected to the transmission of a small mobile robot, the DRSR in the three
modes, the sensing elements of the C-Mech, and the two PCB’s that transmit battery power (22 V) from the module to the C-Mech.

Fig. 13. FEA comparison of required clamping force for an input joint torque
of 10 N·m. (a) Clamps without pins. (b) Clamps with pins.
TABLE III
INTERFACE STRENGTH FOR TWO DIFFERENT EMBODIMENTS OF THE PINS

Fig. 12. Three operation modes of the docking interface. (a) Drive mode. (b)
Neutral mode. (c) Clamp mode showing the revolute motion of the robot around
the active joint created by the docking shaft.

The results of this analysis are plotted in Fig. 13 for a sample
constant joint torque of 10 N·m. In this figure, the sliders’ gap
defines the distance C3 C3 (see Fig. 8), and the slip gap defines the
maximum value of C3 C3 before the docking shaft’s hexagonal
neck slips completely inside the clamps’ mating aperture. For
the docking shaft of the developed model (Neck’s diameter =
12 mm), the slip gap is 1.6 mm.
Through this comparison, it is shown that, while ∼800 N of
clamping force is required to secure a rigid clamping (C3 C3 
0) on the docking shaft for an input joint torque of 10 N·m, such
force is reduced to practically zero in the presence of pins. This
is because the interference created by the pins causes the two

clamps to twist as a rigid body instead of separating, making
the sliders’ gap an independent function of the clamping force.
Such structural behavior propagates the joint load toward the
rails rather than causing a separation.
As a result, the rigidity of the interface is increased significantly, where the clamping strength becomes a direct function
of the structural properties of the interface, and can be amplified
by modifying the dimensions of the C-Mech, such as increasing
the pins diameter. This is depicted in two sample experiments
carried on the proof-of-concept prototype shown in Fig. 11 and
summarized in Table III.
The significance of this rigidity is further highlighted through
a comparison between the measured strength of the interface
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bility of the optimality analysis at, and between the terminal
boundaries of the clamp and drive modes, where the simulated
data closely matches the measurements within a ∼0% offset
at the boundaries, and an average percent offset of ∼±1.5%
(peak ∼ ±4.6%) in the neutral mode. This offset is attributed to
intrinsic manufacturing tolerances, bearing misalignments, etc.
VI. CONCLUSION AND FUTURE WORK

Fig. 14. Docking strength and corresponding payload comparison between the
proposed mechanism and existing interfaces for a selection of modular robots.

This paper presented the analysis, design, and implementation of a new rigid, reversible, and non-back-drivable docking
interface for modular robotic applications. The first merit of this
interface lies in its rigidity, compactness, and ability to recirculate motor torque to deliver three operation modes using a single
high-torque motor. The second merit stems from the discussion
and synthesis of a new mechanism, the DRSR, which toggles
between the interface’s three operation modes. We believe that
the DRSR, along with the torque recirculation scheme, hold
a valuable industrial and research merit for applications where
weight and size are a critical design constraint, such as in mobile
robotics and space applications.
The methods described in this paper are part of a larger research effort to investigate modular robotics for rough terrain
mobility and manipulation, and we will be exploring the integration and autonomy of the proposed mechanisms on STORM’s
modules in the future.
ACKNOWLEDGMENT

Fig. 15. Total displacement of the top and bottom sliders measured as a
function of the rocker angle for the ascending and descending strokes.

and the strength of a selection of existing modular robots as
illustrated in Fig. 14. In this comparison, it is noted that the
strength of the proposed interface is ∼2700% higher than the
average strength of most existing modular mobile robots, and
∼90% higher than the highest strength for a modular mobile
robot (JL-II [38]) as reported in the literature.
Therefore, by statistically extrapolating the relationship between docking strength and payload capacity in Fig. 14, one
can expect a payload of ∼26.2 Kg with the proposed interface,
with a statistical low of 18.5 Kg and a high of 41.8 Kg. This
represents an increase of ∼160% in capacity compared to the
highest existing payload for a mobile modular robot.
C. Measurement Validation of the DRSR Optimal Kinematics
The proof-of-concept model of the docking interface is further employed to validate the DRSR’s kinematic characteristics
resulting from the optimality analysis in Sections III and IV.
Using the integrated linear encoder (see Fig. 11), the total displacement of the DRSR’s sliders is measured as a function of
the rocker angle θ1,d m a x ≤ θ1 ≤ θ1,d 0 , which was measured by
an external 9-bit incremental encoder (512 CPR) on a temporary
experimental setup. These measurements are plotted in Fig. 15
for both the ascending (from clamp to drive) and descending
strokes (from drive to clamp).
In both cases, the measured data is cross-compared with
the sum of the simulated displacement data for both sliders,
shown earlier in Fig. 10(a). This comparison proves the feasi-
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