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RICMONK: A THREE-LINK BRACHIATION ROBOT WITH PASSIVE
GRIPPERS FOR ENERGY-EFFICIENT BRACHIATION

Shourie S. Grama'*, Mahdi Javadi?*, Shivesh Kumar®*, Hossein Zamani Boroujeni? and Frank Kirchner??

Abstract—This paper presents the design, analysis, and
performance evaluation of RicMonk, a novel three-link
brachiation robot equipped with passive hook-shaped grippers.
Brachiation, an agile and energy-efficient mode of locomotion
observed in primates, has inspired the development of
RicMonk to explore versatile locomotion and maneuvers on
ladder-like structures. The robot’s anatomical resemblance
to gibbons and the integration of a tail mechanism for
energy injection contribute to its unique capabilities. The
paper discusses the use of the Direct Collocation methodology
for optimizing trajectories for the robot’s dynamic behaviors
and stabilization of these trajectories using a Time-varying
Linear Quadratic Regulator. With RicMonk we demonstrate
bidirectional brachiation, and provide comparative analysis
with its predecessor, AcroMonk - a two-link brachiation robot,
to demonstrate that the presence of a passive tail helps
improve energy efficiency. The system design, controllers, and
software implementation are publicly available on GitHub at
https://github.com/dfki-ric-underactuated-lab/ricmonk and the
video demonstration of the experiments can be viewed at
https://youtu.be/hOuDQI7CD8w.

Index Terms— Underactuated robots, biologically-inspired
robots, education robotics.

I. INTRODUCTION

Brachiation, a mode common among primates like
long-armed gibbons, involves swinging between tree
branches using their arms. Gibbons exhibit astonishing
agility, showcasing their ability to brachiate at speeds
reaching up to 25kmh~!. This locomotion mode holds
potential for diverse applications such as agriculture
surveillance, forest exploration, and biomimetic design.
Robots capable of brachiating and walking, known
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Fig. 1: RicMonk performing brachiation maneuvers

as Multi-locomotion robots (MLR), offer intriguing
opportunities for study and implementation [1], [2], [3].
Brachiation includes “Slow Brachiation”, where the robot
swings between branches without a free-flight phase, and
“Fast Brachiation” or “Ricochetal Brachiation” involving
dynamic free-flight phases [4]. This unique locomotion
bears similarity to walking and running, relying on full-body
coordination for balance and propulsion. The adoption of
underactuated control for brachiation exploits their dynamics
despite challenges posed by nonlinear control.

Research in brachiating mechanisms has a longstanding
history. An early study involved simulating and analyzing a
single cycle of motion for a five degrees of freedom (DOF)
brachiation robot [5]. Subsequent studies concentrated
on simpler designs, typically comprising two or three
links, and offered experimental validation for the
proposed algorithms [6], [7], [8]. These designs exhibited
favorable power-to-weight ratios, enabling efficient and low
mechanical cost momentum generation [9]. Early studies
introduced acrobot-type underactuated robots equipped
with actuated grippers, emphasizing heuristic methods
for behavior generation [10], [11], [12]. The motion
along a flexible rope offers energy-efficient advantages
by including the cable dynamics in the robot’s model
as a compound double pendlum [13]. Experimental
validation by taking advantage of Time-Varying Linear
Quadratic Regulator (TVLQR) and Sum-of-Squares (SOS)
optimization highlights the importance of the energy
optimal model-based controllers [14]. Similarly, a three-link
robot design focused on discontinuous brachiation motion,
optimizing design parameters for energy efficiency is
described in [7]. The role of the tail in exciting the
robot’s natural frequency is a crucial factor in achieving
ricochetal transverse brachiation on the real system [15].
A comprehensive overview of the previous research on
brachiation-type mobile robots from an energy point of view
is presented in [16]. The common feature among all these
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brachiation robots is the presence of active grippers, which
introduces additional complexities to the system design,
and maintenance and energy expenditure. AcroMonk is the
first underactuated two-link robot capable of energy-optimal
continuous brachiation with passive grippers over a
horizontally-laid ladder bar [17]. Even though the robot is
capable of an unlimited number of brachiation maneuvers
in experiments, it is only able to perform robust forward
brachiation. This paper introduces RicMonk, a three-link
underactuated robot with passive grippers capable of
energy-optimal bidirectional brachiation as shown in Fig. 1.
Finally, we present a comparative analysis with AcroMonk
by emphasizing the tail’s role in enhancing energy-efficient
brachiation using TVLQR, and the gripper improvement.
In the spirit of [17], [18], [19] and [20], the project is
open-sourced' as a part of RealAIGym initiative [21] to
help researchers and provide them with a low-cost kit to
encourage the study of underactuated robotics. The hardware
test demonstrations are available and can be viewed in the
accompanying video?.

Organization: Section II addresses the mechatronics
design of the RicMonk. Trajectory generation for
energy-optimal brachiation is presented in Section III.
Section IV details the stabilization methods utilized for
robot control. Results are presented in section V and finally,
a conclusion is provided in Section VI.

II. MECHATRONICS

Mechatronic integration for a robotic system entails
combining mechanical design with essential -electrical
components to ensure operational functionality, capability,
and safety. As envisioned in the preceding generation of the
RicMonk, the AcroMonk [17], the design should be compact,
and wireless and needs to be made of readily available and
low-cost materials. Utilizing a single actuator in AcroMonk
was a deliberate decision, but it resulted in a trade-off. The
price paid for this simplicity was its inability to perform
multiple backward brachiation maneuvers robustly, as the
arms could not be commanded independently to release
the bar without the risk of falling. Furthermore, AcroMonk
cannot dynamically build up momentum like a monkey.
To address these shortcomings, RicMonk is equipped with
two actuators and a tail that mimics a monkey’s body,
as depicted in Fig. 1. The subsequent sections provide
detailed explanations of both mechanical and electrical
system designs.

A. Design strategy

Incorporating a compact design, RicMonk meets the
demands for portability and agility, while its lightweight
3D-printed modular components allow for easy adjustment
of the robot’s inertial parameters. RicMonk adopted the
arm and gripper design from AcroMonk. The tail was
carefully designed to reduce wiring and tangling issues
while providing a symmetrical housing for electrical and

Uhttps://github.com/dfki-ric-underactuated-lab/ricmonk
Zhttps://youtu.be/hOuDQI7CD8wW
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Fig. 2: Exploded view of the RicMonk

computing components. Moreover, it acts as the point of
connection for the housings of both motors, while each arm is
linked to its corresponding motor shaft. The exploded view
of RicMonk along with the labeling of the components is
presented in Fig. 2. An efficient gripper design is crucial in
providing a stable passive pivotal joint as the robot swings.
AcroMonk consists of a passive gripper with a cylindrical
groove of radius 11.5mm. Employing such a gripper for
RicMonk, which weighs nearly twice as much as AcroMonk
(due to the extra actuator and tail), induces instability,
vibrations, and undesired motion during brachiation. To
resolve this, the cylindrical groove was replaced by a conical
one, with a larger radius of 13 mm and a smaller radius of
11.5 mm (values computed by considering the center of mass
offset from the hooking surface). This enhanced stability but
also increased the torque requirement for releasing the arm
from the support bar.

B. Electrical implementation

RicMonk is a three DOF underactuated brachiation
robot equipped with two Quasi-Direct-Drive motors [22]
that allow independent arm movement. With a 6:1 gear
ratio, these quasi-direct drives offer the advantage of
delivering high torque and being back-drivable with low
friction. The motor controller boards enable communication
with the actuators via Pi3hat [22], ensuring reliable
communication and incorporating an onboard Inertia
Measurement Unit (IMU) (shown in Fig. 2). State estimation
utilizes IMU measurements and actuator data to determine
the state of the passive DOF with respect to the vertical plane,
denoted as ¢; in Fig. 3. An unscented Kalman filter [23]
is employed to mitigate the effects of measurement noise
and achieve accurate state estimation. A 3000 mAh Lithium
polymer (LiPo) battery is integrated as the power source to
satisfy the portability design demand. For safety purposes,
a Radio Communication Transmitter Protocol (TX protocol)
is employed to incorporate a relay for turning off motors
during erratic behavior.

III. BEHAVIOR STATE MACHINE

Javadi et al. [17] proposed a state machine to ensure
robust and continuous forward or backward brachiation while
accounting for potential failures. RicMonk also employs
a similar state machine that integrates gripper-related
heuristics with a swing phase to generate a maneuver.
The swing motion is associated with a sequence of
transitions among three fixed configurations, referred to as
atomic behaviors. These points are determined by hanging
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or double support configuration of the robot known as
Zero-to-Front (ZF), Zero-to-Back (ZB), Front-to-Back (FB),
and Back-to-Front (BF). This approach enables uninterrupted
robust brachiation even amidst disruptions and also simplifies
trajectory optimization. For swing behavior generation, a
fixed-base robot model is used as illustrated in Fig. 3.

In this model for RicMonk, a virtual joint connecting the
support arm to the ladder bar at (yc,z.) is depicted as a
revolute joint (indicated by the dotted circle in Fig. 3). Arms
are distinguished by colors, with blue denoting the support
arm and green for the swing arm. The support arm holds
the bar and forms a passive revolute joint during maneuvers,
while the swing arm can move freely to catch the target bar.
Gripper-related heuristics involve the actions of releasing and
catching the front and back bars, which are abbreviated as
Front Release (FR), Back Release (BR), Front Catch (FC),
and Back Catch (BC). A complete motion cycle involves a
coordinated sequence of actions performed by the swing arm,
including the release, swing maneuver, and catch phases.
Combining these sequences and alternating between support
and swing arms in the cyclic motion results in bi-directional
brachiation as illustrated in Fig. 4. For example, executing
FR — FB — BC — switch arms — FR — FB — BC
results in two cycles of backward brachiation. The “switch
arms” phase consists of a coordinate system reset, that
enables reuse of reference trajectories associated with
respective  maneuvers. Following subsections provide a
detailed explanation of swing behavior generation and
highlight the heuristics with two actuators for RicMonk.

A. Gripper Heuristics

To catch and release from the bars with passive grippers,
it is necessary to apply torques to the arms in appropriate
directions. Colored arrows in Fig. 4 illustrate the force
directions for front and back release of the swing and support
arm. For the back release, the support arm torque (4.3 N m)
is higher than the swing arm torque (2.3 N m), whereas for
the front release, the situation is reversed, with the support
arm torque (2.2 N m) being lower than the swing arm torque
(6.3 N m).

The swing arm needs to grab the bar from above for FC,
while the gripper needs to grab it from below for BC. To
obtain the initial state for the trajectory optimization of these
maneuvers, iterative release experiments are conducted and
the robot states are collected. The mean value for BR is
xBR = [-0.59,0.68, —2.39, —0.37, —0.32, 1.76] with o5k =
[0.02,0.03,0.05,0.24,0.27,0.6]. Similarly, for FR the mean
value is xfR = [0.57,—-0.57,2.76,0.68, —1.47,4.24] with
of® = [0.01,0.03,0.03,0.42,0.29, 1.8]. Statistical analysis
suggests that x5R and xER are sufficiently reliable initial
states for trajectory optimization of BF and FB respectively.

B. Trajectory Optimization for Swing Behavior

An onboard battery highlights the need for energy-efficient
brachiation within dynamics, actuation, and task space
constraints. This translates into an optimal control problem,
aiming to minimize an objective function within a defined
time frame and adhering to specified constraints. Trajectory
optimization for the swing behavior spans the period between
the release and catch phases. It begins right after the release
action and continues until just before the swing arm grabs
the bar. The state of the robot, x = [q, q], consists of the
generalized position vector (q = [q1,¢2,¢3]7 € R®) and
its first order time derivative. The input vector of the robot,
u = [ug,uz]T € R2, consists of the torque input values
for the actuated joints that control q; + g2 and g¢s. The
dynamics of the system are given by Eq. 1, where M(q)
is the mass-inertia matrix of the robot, C(q, q) is the matrix
that describes the Coriolis forces, Tg(q) is the gravity vector,
and B is the actuator selection matrix (B = [0,1,1]7).

M(q)d + C(q, 9)q = 74(q) + Bu (D

The formulation of the mathematical problem for trajectory
optimization is presented in Eq. 2a. The cost function
contains state and input regularization terms, where the
weighting matrices K and R penalize high joint velocities
and input torques. Eq. 2b is the set of first-order ordinary
differential equations that captures the system dynamics as
shown in Eq. 1.

T
min / (q"Kq+u'Ru) dt
xu Jq

(2a)
subject to :
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x = f(x,u) (2b)
g(x,u,t) <0 (2¢)
X(to) = Xy (Zd)
x(ts) defined using c; (2e)

All the inequality constraints like position, velocity or torque
limits, and collision constraints are represented by Eq. 2c.
The initial state (xg) of the robot for the ZF and ZB
maneuver is zero and the robot builds up energy to reach
the final state. For BF and FB maneuvers, the initial state of
the robot is obtained based on state information from iterative
release experiments with the robot. Hence, for FB and BF
behaviors, the initial state is not static as in ZB and ZF.
As mentioned in Section II, the connection of the tail to
arms results in a non-serial kinematic coupling. Due to this,
the inverse geometry cannot directly provide the robot’s final
state x(t ), which is necessary for the trajectory optimization
(Eq. 2e). The methodology to obtain the x(ty) includes
usage of the desired final cartesian position and velocity of
the gripper of the swing arm, ie. ¢} = [y, 2", 9", 2*]. At
each iteration, the solver calculates the forward kinematics
to obtain the task space coordinates of the swing arm cy as
shown in Fig. 3, based on the state’s decision variable and
tries to minimize the error compared to c7.

Taking advantage of the Direct Collocation method
by DRAKE [24] toolbox, the trajectories are optimized
offline for the swing phases using the Sparse Nonlinear
OPTimizer (SNOPT) [25]. Hyperparameters for each of the
maneuvers are detailed in Table I, with N representing the
number of collocation points and ff initial guess period
in seconds. For optimal tracking of the trajectory, it is
important to have smooth trajectories with minimal jerk,
acceleration, and torque consumption. It is observed that the
robot is unable to efficiently track trajectories when absolute
jerk and acceleration exceed 3000rad/s® and 200rad/s?
respectively. Trajectory profiles were carefully analyzed to
ensure the compatibility of the obtained trajectories with the
real system. For initial iterations, the optimization problem
is warm-started using a straight-line trajectory that connects
the initial and final states with a first-order hold over an
interval extending from zero to an estimated final time (f;
in seconds). After several iterations and utilizing agreeably
smooth previously generated trajectories to warm-start the
optimization problem, optimal trajectories were obtained for
each of the maneuvers. The hyperparameters are carefully
chosen to prevent impulsive peaks in the torque or joint
velocity profiles.

The BF and FB trajectories generated could not be tracked
by the controller, given they have an initial velocity and lower
torque usage. The inability to successfully track trajectory
points to the sim-to-reality gap. Several factors contribute to
widening this gap, of which motor parameters like friction,
damping, and rotor inertia play a major role. Even with
perfect identification of these parameters, current solvers tend
to disregard them when solving the optimization problem.
Consequently, there is always a need for some heuristics

to fill the sim-to-reality gap based on the behavior of the
system. We gained inspiration by observing the behavior
of brachiation masters like monkeys and gibbons. These
animals consistently aim above the bar, allowing for a
brief moment of descent due to gravity. Similarly, when
approaching a handhold from below, they first make contact
with the surface and then grasp the bar from beneath. A
similar heuristic approach is applied to enable RicMonk
to successfully perform brachiation. It assumes a final
configuration above the bar to facilitate falling over it, which
also holds when approaching the bar from below.

IV. TRAJECTORY STABILIZATION

Trajectory stabilization is crucial for all robots to ensure
trajectory tracking and it has been implemented in RicMonk
to help the robot perform brachiation motion. This section
describes the model-based TVLQR that is employed to
stabilize the optimal trajectories for the RicMonk.

The controller linearizes the nonlinear dynamics presented
in Eq. 2b by using a first-order Taylor expansion in error
coordinates, leading to the state space vector system. The
desired trajectory is denoted by the asterisk (*) in Eq. 3.

x(t) ~ A(t)x(t) + B(t)u(t)

withx=x—-x* a=u—-u*

3)

TVLQR minimizes a time-varying cost function, J(t)
(Eq. 4), as it optimizes a varying control input, u(¢). To
stabilize trajectories, Q(t) and R(t) serve as weighting
matrices for the state and control input, respectively, while
Q/(t) is the weighting matrix for the final state. TVLQR is
an offline controller and the optimal time-varying feedback
matrix K(¢) is pre-computed by solving the time-varying
Riccati equation [26]. The K (¢) matrix is subsequently used
for real-time error control (Eq. 5) with the control loop
frequency ranging from 300 Hz to 400 Hz.

J=x1(1)Qx(t) +/O ' " (1)Qx(t) +a’ (HRa(t)) dt

“4)
u(t) = w'(t) — K(0)x(1) 5)

Mismatch between the mathematical model and the robot
may affect the tracking performance for the TVLQR on
the real system. Approximation of highly non-linear systems
could also adds challenges to the controls. However, TVLQR
has the capability for real-time error compensation using
previously obtained optimal control gains. The TVLQR
hyperparamters Q and R for various maneuvers are
summarized in Table II and Qy = Isx¢ for all maneuvers.

TVLQR performed well with the ZB and ZF trajectory.
However, to enable RicMonk to perform BF and
FB maneuvers, heuristics were considered in trajectory
optimization as mentioned in the Section III using TVLQR.

V. EXPERIMENTAL VALIDATION

All the atomic behaviors were realized on the real
system with trajectory stabilization provided by the TVLQR.
These basic maneuvers were stitched together to enable
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TABLE I: Hyperparamters for trajectory optimization problem

Parameter ZB ZF BF FB

N 40 60 40 35

iy [0, 3.0] [0, 3.2] [0, 4] [0, 1.5]

c} [-0.345, 0.0, 0.83, 0.75]  [0.35, 0.025, 0.74, -1.4] ~ [0.36, 0.03, 0.9, -1.2]  [-0.35, 0.0, 0.83, 0.75]
R diag[100, 7000] diag[520, 440] diag[6000, 5000] diag[120, 120]

K diag[0, 100, 100] diag[0, 200, 240] diag[0, 500, 200] diag[0, 94.5, 108]

TABLE II: TVLQR hypermeters for the atomic behaviours

Maneuver Q R

7B diag[1, 1, 15, 1, 2, 1] diag[8, 8]
ZF diag[1, 1, 15, 1, 2, 1] diag[5, 5]
BF diag[1, 1, 17, 1, 2, 0.2]  diag[20, 20]
FB diag[1, 1, 15, 1, 2, 1] diag[20, 20]

the robot to perform multiple brachiation motions. In
Fig. 5 RicMonk performs three consecutive backward
brachiation maneuvers, namely, a ZB maneuver followed
by two FB maneuvers. Additionally, Fig. 6 provides plots
representing the desired (indicated with superscript *)
and measured positions, velocities, and input torques. The
plots demonstrate reasonable tracking of desired trajectories
resulting in successful brachiation.

A. Robustness Tests

The controller’s robustness in executing multiple
brachiation maneuvers is investigated through several tests.
Firstly, it is tested with the addition of extra weight,
up to 200g is loaded on the tail (symmetric about the
sagittal plane). Secondly, its performance is evaluated when
170g is loaded on one of the arms (asymmetric about
the sagittal plane). Finally, the robustness is examined in
the presence of a 520 g disturbance placed in the robot
path. In the scenarios mentioned above, the controller
effectively stabilized the trajectories, enabling RicMonk to
perform multiple brachiation maneuvers in two out of three
trials. Fig. 7 illustrates the robot performing three forward
brachiation maneuvers as it carries 80 g on one of the arms,
i.e. asymmetric loading, and 100 g on the tail. It also faces
significant disturbances.

B. Comparitive Analysis

AcroMonk is a minimalist brachiation robot, lightweight
(1.6kg) and highly portable. Its underactuated design
employs a single actuator, enabling robust forward
brachiation, but it struggles with backward motion and
limited momentum due to its lightweight build. RicMonk,
a three-link brachiation robot with a body-like structure,
weighs 3.3kg, offering portability and agility. Featuring
two actuators, it achieves versatile forward and backward
brachiation, benefitting from its tail structure for enhanced
energy input. A comparative analysis in terms of standard
deviations for FR (of?) and BR (of®) between AcroMonk
and RicMonk, indicates larger values for RicMonk. However,
it’s crucial to approach these values objectively, which stems
from several factors. Firstly, RicMonk weighs twice as much
as AcroMonk, and the torque used for front and back
release in RicMonk is nearly three times greater than that

in AcroMonk. Moreover, RicMonk possesses the capability
to independently apply torque to each arm, a feature that is
missing in AcroMonk. Cost of Transport (CoT) [27], [28]
is a dimensionless measure for energy efficiency, allowing
comparison across sizes and structures. Formulated as Eq. 6,
energy input £, mass m, distance traveled d, and acceleration
due to gravity g.

o — (6)

mgd

A lower CoT value indicates greater energy efficiency within
a given system. Table (IIT) compares the total energy (TE)
consumed by the AcroMonk and RicMonk as they perform
five consecutive forward brachiation (BF) maneuvers (in
joules), their CoT (dimensionless), and the time of transport
(t) for the five maneuvers in seconds.

TABLE III: Comparitive analysis

TE () CoT ¢ (5)
AcroMonk 8.9547 0.3355 11
RicMonk 15.1947  0.2760 17
The table highlights several key insights. Though

AcroMonk consumes a lot less energy in total, RicMonk has
a lower CoT, indicating higher energy efficiency. However,
these findings are limited to the trajectories that have
been optimized and stabilized, and other trajectories might
have different characteristics. Also, CoT is one of many
perspectives to compare energy efficiency among systems.

VI. CONCLUSION AND OUTLOOK

This paper addressed the mechatronic design, generation,
and stabilization of optimal trajectories, and experimental
validation of RicMonk, a three-link underactuated
brachiation robot, with passive grippers. RicMonk is
portable, modular, and easily reproducible. The presence
of a tail structure and two actuators help RicMonk to
perform multiple brachiation maneuvers in both forward
and backward directions and this is a novelty in literature.
This also presents a notable advantage when compared to
its predecessor, AcroMonk. The presence of the tail also
improves the energy efficiency as shown by the comparison
of cost of transport. We are working on the use of a
floating-base model to optimize trajectories for ricochetal
brachiation. Additionally, brachiation over irregularly placed
bars and online trajectory optimization are challenges
that lie ahead. Enabling RicMonk to perform ricochetal
brachiation is a very exciting outlook. Finally, we plan to
implement brachiation behavior on our complex humanoid
robot RH5 Manus [29].
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Fig. 5: Snapshots of RicMonk performing multiple backward brachiation cycles. First row corresponds to a ZB maneuver
(left to right), while second and third rows correspond to consecutive FB maneuvers (left to right). Green and red dots

indicate start and end points respectively.
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Fig. 6: Plots for the multiple backward brachiation maneuvers - one ZB maneuver, and two FB maneuvers in succession.
Vertical dotted lines separate swing phases and grasps and releases.

Fig. 7: Snapshots of RicMonk performing multiple brachiation motions in the presence of mass uncertainty that is loaded
asymmetrically. First row corresponds to a ZF maneuver (left to right), while second and third rows correspond to consecutive
BF maneuvers (left to right). In row 2, second and third images illustrate the robot arm stuck due to a disturbance in motion.
Green and red dots indicate start and end points respectively.
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