
Academic Editor: Dan Zhang

Received: 21 October 2025

Revised: 26 November 2025

Accepted: 2 December 2025

Published: 8 December 2025

Citation: Nezzi, C.; Gufler, V.; Vidoni,

R. Modeling and Energy Expenditure

Comparison of RRR and PRR Planar

Robotic Manipulators for Pick-and-

Place Operations. Robotics 2025, 14,

185. https://doi.org/10.3390/

robotics14120185

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Modeling and Energy Expenditure Comparison of RRR and PRR
Planar Robotic Manipulators for Pick-and-Place Operations
Chiara Nezzi 1 , Veit Gufler 1,* and Renato Vidoni 1,2,*

1 Faculty of Engineering, Free University of Bozen-Bolzano, Via Bruno Buozzi Straße 1,
39100 Bozen-Bolzano, Italy; chiara.nezzi@unibz.it

2 Polytechnic Department of Engineering and Architecture, University of Udine, Via delle Scienze 206,
33100 Udine, Italy

* Correspondence: veit.gufler@unibz.it (V.G.); renato.vidoni@uniud.it (R.V.)

Abstract

Energy efficiency represents a fundamental aspect of sustainable industrial automation,
where minimizing energy expenditure supports both environmental and economic goals.
This work presents the modeling and comparative analysis of the energy consumption
of three planar robotic manipulators performing pick-and-place operations: a serial RRR
configuration (RRR-D2) and two alternative PRR architectures (PRR90 and PRR45) fea-
turing linear prismatic guides. For each manipulator, kinematic and dynamic models
are derived, and actuator electro-mechanical effects are incorporated to obtain realistic
energy evaluations. The analysis is carried out over four representative trajectories and
two design variables, enabling a consistent comparison in terms of both total and recov-
erable energy through regenerative braking. Results show that geometric and actuation
parameters significantly influence energy performance and that specific PRR configurations
can achieve comparable motion capabilities to the RRR structure with reduced energy
demand. The proposed framework supports energy-aware robot selection and design, con-
tributing to the development of efficient and sustainable planar manipulators for repetitive
industrial operations.

Keywords: planar parallel robots; energy consumption; energy efficiency; dynamic
modeling; robotics

1. Introduction
In recent years, environmental concerns together with the continuous rise in energy

costs have pushed policy makers and industries to pursue more sustainable production
systems [1]. The United Nations’ commitment to climate neutrality by 2030 and the related
17 Sustainable Development Goals (SDGs) underline the need to improve the energy
efficiency of manufacturing systems. In particular, SDG-9 (“Industry, Innovation and
Infrastructure”) [2] highlights the evaluation, reduction, and minimization of energy use in
production processes as a central target of contemporary engineering design [3–6].

Within robotics and automation, energy-reduction methods are commonly grouped into
three complementary families: (i) hardware-based interventions, (ii) software/trajectory-based
strategies, and (iii) mixed approaches that combine mechanical and control design [7–9].
Hardware-oriented contributions include the use of lightweight structures, efficient trans-
missions, and compliant components that passively store and release energy, thus reducing
actuation effort [10–12]. Software- or trajectory-based strategies, on the other hand, rely on
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motion optimization, time-scaling, and path retiming techniques that minimize electrical
power and mechanical work during operation [13–18]. Mixed approaches integrate physi-
cal modeling, control tuning, and automatic code generation for cycle optimization in real
robot cells [19–23]. Comprehensive reviews and systematic assessments emphasize accurate
energy modeling, parameter identification, and the quantification of the impact of motion-
profile shaping on energy performance in industrial robots [4,8,9,13,14,20,21]. These efforts
collectively form the foundation of energy-aware robotic design, enabling sustainability-
oriented decision making for both industrial and research applications [9,11,14].

The present contribution extends the approach proposed in [24] and addresses energy
efficiency in repetitive planar pick-and-place tasks by comparing three two-degree-of-
freedom (2-DoF) planar manipulators: an existing serial RRR architecture (denoted RRR-
D2) and two PRR variants (PRR90 and PRR45) that employ two linear prismatic guides.
The overarching objective is to assess the potential substitution of the RRR-D2 by PRR
mechanisms while preserving workspace coverage and task feasibility, in line with energy-
aware design principles and recent classifications of reduction strategies [11,13,25–27].

The analysis proceeds in two stages. First, the three architectures are compared from a
workspace and geometric standpoint, with the principal parameters of the PRR variants
determined so that their reachable area matches that of the RRR-D2. Second, complete
kinematic and dynamic models are developed and used to evaluate the energy expenditure
along four representative trajectories, while exploring two design variables (e.g., total
movement time and a shift in the robot’s base origin). For each scenario, both the total
consumed energy and the theoretically recoverable energy during deceleration phases are
computed, in accordance with prior works on regenerative braking and energy reuse in
cyclic robotic tasks [7,20,28–30].

The contribution of this study is twofold: (i) a structural comparison between RRR
and PRR planar architectures tailored to pick-and-place operations, and (ii) a quantitative
evaluation of their energy performance under multiple trajectories and design-variable
scenarios. The findings demonstrate that suitably parameterized PRR mechanisms can
achieve task-space performance comparable to the RRR-D2 while significantly reducing
energy consumption, thus supporting their adoption in energy-sensitive industrial con-
texts [9,11,13,14,19,31].

The remainder of the paper is organized as follows. Section 2 introduces the studied
planar manipulators and their kinematic architectures. Section 3 describes the modeling
approach, including kinematics, dynamics, and the energy-recovery formulation. Section 4
presents the comparative energy expenditure analysis across four trajectories and two
design variables. Section 5 discusses the results and implications for manipulator selection
and design. Section 6 concludes the paper and outlines future research directions.

2. Studied Planar Robotic Manipulators
Three planar closed-chain manipulators with two degrees of freedom, each designed

so that the end-effector preserves a fixed orientation, are considered. The first architecture
is a RRR-Delta2 (RRR-D2) mechanism featuring two actuated revolute joints, while the
other two correspond to PRRθ configurations, equipped with two actuated prismatic joints
inclined by a varying angle θ with respect to to the horizontal axis. Their kinematic layouts
and corresponding models are illustrated in Figure 1. In all three designs, the use of a
parallelogram linkage ensures that the end-effector orientation remains constant throughout
the motion. In Table 1, the links length (L) and mass (M) parameters are reported. In order
for the PRRθ robotic manipulators to be compared with the RRR-D2, which represents an
existing physical prototype, the same links are exploited for the kinematic structure of the
PRRθ configurations (i.e., the RRR dyad is the same for all the considered robots) to isolate
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the influence of kinematic structure and inertial parameters while ensuring a comparable
workspace. Based on the θ angle inclination of the two linear guides, a vertical PRR90
(θ = 90◦) configuration and an inclined PRR45 (θ = 45◦) are taken into consideration for
this study. The resulting manipulator geometries follow from the defined angles and link
lengths, chosen to maximize reach within motion constraints.

ηα

(a) RRR-D2 (b) PRRθ

Figure 1. Kinematic models of the investigated robotic manipulators. Capital letters represent
kinematic pair centers, whereas numbers represent rigid links.

Table 1. Parameters for the RRR and PRR kinematic structures.

Robot Link 1 2 3 4 5 6 7 8 9 10

RRR-D2
L [m] 0.25 0.25 0.645 0.645 0.076 0.05 0.645 0.05 0.117 0.25

M [kg] 0.212 0.212 0.547 0.547 0.2 0.185 0.547 0.185 0.4 0.212
I [kg m2] 0.0011 0.0011 0.019 0.019 0.024 0.0012 0.019 0.0012 0.117 0.0011

PRRθ

L [m] – – 0.645 0.645 0.076 0.05 0.645 0.05 – –
M [kg] – – 0.547 0.547 0.2 0.185 0.547 0.185 – –

I [kg m2] – – 0.019 0.019 0.024 0.0012 0.019 0.0012 – –

3. Modeling Approach
The three manipulators are modeled as planar multibody systems, and the kinematic

models are shown in Figure 1. The kinematic, dynamic, and electro-mechanical models are
introduced in the following subsections.

3.1. Kinematic Model

With reference to Figure 1a, the inverse position analysis of the RRR-D2 parallel robot
can be solved as follows. Given the tool pose and referring to each rigid link with a vector
zi for each link with index i,
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C = F − z5, (1)

AC =
√
(Cx − Ax)2 + (Cy − Ay)2, ϑAC = arctan

Cy − Ay

Cx − Ax
(2)

z2
3 = z2

1 + AC2 − 2z1 AC cos α ⇒ α = ± arccos

(
z2

1 + AC2 − z2
3

2z1 AC

)
, (3)

ϑ1 = ϑAC − α, (4)

EC =
√
(Cx − Ex)2 + (Cy − Ey)2, ϑEC = arctan

Cy − Ey

Cx − Ex
(5)

z2
4 = z2

2 + EC2 − 2z2 EC cos η ⇒ η = ± arccos

(
z2

2 + EC2 − z2
4

2z2 EC

)
, (6)

ϑ2 = ϑEC + η. (7)

Thus, four configurations are possible, depending on the signs of α and η.
The inverse velocity analysis, considering that the point F has the same velocity of the

TCP and since Ḟ = WF q̇, is given by

q̇ = W−1
F Ḟ. (8)

The matrix WF is derived from the differential kinematic relations established in the direct
velocity analysis, and its inverse defines the mapping from the Cartesian velocity space
to the joint velocity space. This formulation is particularly useful in trajectory planning
and dynamic simulations, where the desired end-effector motion Ḟ is given, and the
corresponding actuator velocities q̇ must be determined to ensure kinematic consistency.

Regarding the PRR architecture, the independent coordinates of the system are defined
as linear coordinates q1 and q2. The reference positions are given by

O1 =

[
−L0/2

0

]
, O2 =

[
L0/2

0

]
, (9)

where the linear distance between the guides can be written as a function of the angle θ

L0 = L4cosθ, (10)

to maximize reach with defined geometries and avoid singular configurations.
Given the position of point C = (Cx, Cy) and the two independent coordinates q1 and

q2, the kinematic relations of the mechanism can be expressed by

∥C − A∥ = a, ∥C − B∥ = b, (11)

where the points A and B represent the locations of the two prismatic joint sliders, given by

A = O1 + q1u1, B = O2 + q2u2, (12)

with u1 and u2 denoting the unit vectors along the directions of the prismatic actuators

u1 =

[
cos θ

sin θ

]
, u2 =

[
− cos θ

sin θ

]
. (13)
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The prismatic joints are inclined by an angle θ with respect to the vertical axis. By
substituting the above expressions, the geometric relations become

(Cx − q1 cos θ)2 + (Cy − q1 sin θ)2 = a2, (14)

(Cx − L0 + q2 cos θ)2 + (Cy − q2 sin θ)2 = b2. (15)

Solving these equations provides the actuator displacements q1 and q2 as functions of the
end-effector position C(Cx, Cy)

q1 = Cx cos θ + Cy sin θ ±
√

a2 − (−Cx sin θ + Cy cos θ)2 , (16)

q2 = (Cx − L0)(− cos θ) + Cy sin θ ±
√

b2 −
(
(Cx − L0) sin θ + Cy cos θ

)2 . (17)

These relationships define the inverse kinematics of the planar PRR manipulator, allowing
the computation of the prismatic joint positions corresponding to a given Cartesian location
of the end-effector. The ± sign accounts for the two possible assembly configurations
(elbow-up and elbow-down) of the mechanism.

The linear velocity of point C can be expressed in relation to the prismatic joint
velocities by

Ċ = WC q̇, q̇ =

{
q̇1

q̇2

}
, (18)

where WC represents the Jacobian matrix (also known as the velocity mapping matrix)
that relates the joint space to the Cartesian space of the end-effector. By inverting this
relationship, the joint velocities are obtained by

q̇ = W−1
C Ċ. (19)

As for the RRR-D2, the matrix WC is derived from the differential kinematic relations
established in the direct velocity analysis, and its inverse defines the mapping from the
Cartesian velocity space to the joint velocity space.

3.2. Dynamic Model

The equations of motion for multibody systems are formulated using the Lagrangian
method, resulting in the following expression for the system dynamics [7,26,27]

M q̈ + C q̇ + Fv + Fs + Fg = Qa. (20)

Here, the vectors q, q̇, and q̈ represent the generalized coordinates for position, velocity and
acceleration, respectively. For the present 2-DoF manipulators, the generalized position,
velocity and acceleration coordinates are given by

q =

[
q1

q2

]
, q̇ =

[
q̇1

q̇2

]
, q̈ =

[
q̈1

q̈2

]
, (21)

being the rotational parameters (angles) for the RRR-D2 manipulator and linear parameters
(distances) for the PRR45 and PRR90 manipulators.

Equation (20) incorporates several force terms including the inertia forces given by M q̈
and the Coriolis and centrifugal effects given by C q̇. Following the Lagrangian approach,
the inertia matrix is obtained as the sum of the contributions of each rigid body i,

M(q) = ∑
i

(
mi WT

v,i(q)Wv,i(q) + Ii WT
ω,i(q)Wω,i(q)

)
, (22)
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where mi and Ii are the mass and the mass moment of inertia about the center of mass of
the body i respectively, Wv,i(q) ∈ R2×2 maps the joint velocities q̇ to the linear velocity of
the center of mass of the body i

vi(q, q̇) = Wv,i(q) q̇, (23)

and Wω,i(q) ∈ R1×2 maps joint velocities to the angular velocity out of plane ωi of the
body i

ωi(q, q̇) = Wω,i(q) q̇. (24)

In the implementation used in this work, the matrices Wv,i(q) and Wω,i(q) are sym-
bolically computed from the kinematic model and evaluated along the trajectory. The
sum in Equation (22) includes the tool, the rigid links, and the two motors. Based on
M(q) defined by Equation (22), the Coriolis and centrifugal terms are obtained from the
Christoffel symbols

Cij(q, q̇) =
2

∑
k=1

cijk(q) q̇k, cijk(q) =
1
2

(
∂Mij

∂qk
+

∂Mik
∂qj

−
∂Mjk

∂qi

)
. (25)

These expressions are generated symbolically and implemented as explicit functions of q
and q̇ in the simulation code used for the energy analysis.

The viscous damping forces Fv and the static friction forces Fs are given by

Fv(q̇) =

[
fv1q̇1

fv2q̇2

]
, Fs(q̇) =

[
fs1 tanh(q̇1)

fs2 tanh(q̇2)

]
, (26)

where fvj and fsj are the viscous and static friction coefficients of joint j, respectively. The
gravitational effects are collected in

Fg(q) =

[
g1(q)
g2(q)

]
, (27)

with gj(q) denoting the gravity term associated with joint j. The actuator generalized forces
Qa differ for the two architectures. For the RRR-D2 robot, the actuated generalized forces
are the joint torques

Qa =

[
τ1

τ2

]
, (28)

while for the PRRθ manipulators, the actuated generalized forces are the linear joint forces

Qa =

[
F1

F2

]
. (29)

The relation between the motor torque Tm,j and the actuation toques and forces applied
to the manipulator is described by

Tm,j =
τj

ηj
Tj, j = 1, 2, (30)

Tm,j =
τj

ηj

τp,j

ηp,j
Fj, j = 1, 2. (31)

These equations apply to the RRR-D2 manipulator and to the PRR90 and PRR45 configu-
rations, respectively. The introduced dynamic relationships thus enable to determine the
motor torques at each time step from a given trajectory of the tool center point.
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3.3. Electro-Mechanical Model

The actuation system is represented by a brushless DC motor. Its combined elec-
trical and mechanical system is illustrated in Figure 2. As in [7], the motors electrical
characteristics are described by the following equations:

Tm,j = Kt,j ij, j = 1, 2, (32)

ej = Rj ij + Ke,j ωj, j = 1, 2. (33)

In these expressions, ej denotes the input voltage, ij the electrical current, Rj the resistance
of the motor windings, Kt,j the torque constant, Ke,j the back-emf constant, and ωj the motor
angular velocity.

Figure 2. Electro-mechanical model, according to [7].

The electrical energy consumed by the motors over time is calculated as

Ej =
∫ tf

t0

ej ij dt, j = 1, 2. (34)

This energy metric is employed to evaluate and compare the energy consumption of the
different manipulator configurations under study [25].

4. Comparative Energy Expenditure Analysis
The three robots are evaluated with respect to their reachable workspace and their

energy consumption. The outcomes of the simulations are presented and discussed in the
following sections.

4.1. Workspace Analysis

The three manipulators share identical link dimensions and masses, as the same
mechanical components are reused across all configurations. The RRR-D2 manipulator,
whose dimensions are taken from [7], serves as the reference system. This robotic manip-
ulator is available at the Smart Mini Factory (SMF) laboratory of the Free University of
Bozen-Bolzano [32], and its structure has been adopted to ensure a fair comparison among
the three architectures. In this context, the PRRθ manipulators (PRR45 and PRR90) are
assembled using the same link lengths with the guides defined by the definition angle and
the geometric limits mentioned above. Their resulting workspaces are then analyzed and
compared with that of the reference manipulator. Figure 3 illustrates the reachable areas
of all three robots, together with a picture of the RRR-D2 prototype available at the SMF
laboratory and a commercial example of a PRR45. For the PRR45 configuration, the spacing
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between the linear guides is determined as described in Section 3 to maximize the reach
with given geometric dimensions. For the PRR90 manipulator, since cos θ = 0, the spacing
between the linear guides is determined by the configuration when one actuator is fully
retracted and the other is fully extended, resulting in the corresponding link connected
to the fully extended actuator being aligned horizontally. In this configuration, the end
effector is positioned slightly below the fully extended actuator, due to the geometry of
the linkage. Both PRR configurations are mounted 0.2 m above the origin of the RRR-D2 to
facilitate a clear geometric comparison of their reachable areas.

As shown in Figure 3, the three manipulators present distinct workspace shapes
due to their actuation layouts, despite sharing the same link dimensions. The RRR-D2
exhibits a compact, symmetric reachable area owing to its rotary joints located above
the workspace. The PRR90 configuration, with vertically oriented prismatic actuators,
achieves a similar vertical range but a slightly reduced horizontal span. Conversely, the
PRR45 configuration, featuring actuators inclined at 45◦, provides a broader horizontal
and vertical coverage that slightly exceeds that of the RRR-D2. Despite these geometric
variations, all three manipulators cover comparable regions of the task space and are
suitable for equivalent planar pick-and-place operations. Therefore, subsequent analyses
focus on their energy performance, assuming comparable operational conditions rather
than identical workspace boundaries.

Figure 3. Left: Workspace analysis and manipulators in random position: ■ RRR-D2, ■ PRR90,
■ PRR45; Right-up: commercial example of PRR45 adapted from [33]; Right-down: RRR-D2 robot at
SMF lab.

4.2. Sizing of Actuators and Transmission Systems

For the RRR-D2 manipulator, the same actuators as those installed on the physical
prototype are considered. Their main electro-mechanical specifications are listed in Table 2.
Both joints employ identical motors and transmission assemblies.
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Table 2. Electro-mechanical parameters for RRR-D2 and PRRθ.

Parameter Unity of Measurement RRR-D2 PRRθ

Speed (n) [rpm] 1500 4087
Nominal torque (Mn) [Nm] 1.33 0.0989
Maximum torque (Mmax) [Nm] 4.0 0.76
Torque constant (Kt) [Nm/A] 0.42 0.0696
Voltage constant (Ke) [V s/rad] 25.13 0.0696
Winding resistance (R) [Ω] 2.6 2.74
Motor inertia (I) [kg m2] 3.3 · 10−5 2.3789 · 10−4

Transmission ratio (Kr) — 1/20 1/10
Pulley diameter (d1) [m] — 0.01654

In the case of the PRRθ manipulators, each linear guide is actuated by an electric motor
coupled to a belt–pulley transmission. The selected actuators correspond to those adopted
in similar configurations reported in [34], ensuring a consistent reference for dynamic and
energy analyses. The same motors are used for both PRR90 and PRR45 architectures, while
the transmission ratios have been adjusted to satisfy the respective kinematic requirements.

4.3. Dynamic Analysis and Energy Evaluation

This section outlines the methodology adopted to compare the three manipulators in
terms of energy consumption during a representative pick-and-place task. The selected
operation serves as a reference because of its relevance and ease of replication in both
industrial and laboratory contexts. The simulated scenario mirrors the typical workflow
of the physical prototype RRR-D2, which is commonly employed to retrieve objects and
deposit them onto a nearby platform (see Figure 3). In this study, four different trajectories
are tested as described below. Figure 4 displays the tested TCP paths, along with the
velocity and acceleration profiles.

(a) Tested TCP paths (b) TCP velocity and acceleration profiles

Figure 4. Overview of the tested trajectories: (a) geometric TCP paths, and (b) corresponding TCP
velocity and acceleration profiles on the four trajectories.

The tested paths span between the initial position A and the final position B. On these
paths, the tested trajectories are as follows:

• Point-to-point motion using a trapezoidal velocity profile;
• Two point-to-point motions with continuous velocity profiles, where the position is

interpolated using (i) a cubic polynomial and (ii) a quintic polynomial primitive;
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• B-spline trajectory with continuous velocity profile, defined through two control points
A1 and A2. The curve passes only through the initial and final points (A and B) while
remaining enclosed within the polygon formed by control points.

To assess the energy consumption of the three manipulators along the trajectories
described above, two design variables are introduced:

1. Total duration of motion (T): The analyzed movement times vary between 0.2 s
(representing a rapid motion) and 0.8 s (representing a slower motion).

2. Vertical displacement of the robot base (base shi f t): Several installation configurations
were examined to determine whether adjusting the vertical position of the fixed
joints relative to the working platform could reduce energy usage. Specifically, this
parameter ranges from 0.2 m to −0.1 m for point-to-point trajectories, and from 0.1 m
to −0.1 m for the B-spline trajectory.

The energy performance was numerically assessed by varying the selected parameters
to identify the most efficient configuration for the assigned task. Both the consumed and
recoverable energy were evaluated. In conventional systems, the negative motor power
required for braking is dissipated as heat and remains unused; however, it can theoretically
be recovered to reduce the overall energy demand. In this study, this quantity is referred to
as recoverable energy. Each manipulator was tested by moving a payload of 2 kg during
the forward motion and performing the return motion without load.

5. Results and Discussion
As previously said, several simulation runs were performed in order to evaluate the

consumed energy and the potentially recoverable energy of the three robotic manipulators
considered, by varying the two design variables described in Section 4. The simulations
were performed in Matlab 2025b on a mobile workstation with 11th Gen Intel(R) Core(TM)
i5-1135G7 (2.40 GHz) CPU. First of all, the results are here presented. Energy results
are proposed for two sample trajectories, specifically the point-to-point trajectory with
continuous velocity profile (cubic polynomial interpolation) and the B-spline trajectory. For
the purpose of a comprehensive energy analysis, the results for all the trajectories are then
reported in Tables 3–6. The 3D energy surface plots, which highlight the consumed and
recoverable energies as a function of the design variables, are reported in Figures 5 and 6.

Figure 5. Consumed (left) and recoverable (right) energy of the studied manipulators for point-to-
point motion with cubic polynomial interpolation.
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Figure 6. Consumed (left) and recoverable (right) energy of the studied manipulators for the B-spline
trajectory.

The energy distribution obtained for the cubic trajectory highlights clear differences
among the three manipulator architectures. The RRR-D2 system exhibits the highest
energy demand, with consumed energy Ec values exceeding 35 J, mainly due to the need to
counteract gravitational loads acting on its vertically oriented links. The coupled rotary
joints require continuous torque delivery to sustain and accelerate the interconnected links,
leading to greater inertial and gravitational effects. The recoverable energy Er follows a
nearly proportional trend to Ec, confirming that the actuation effort is closely related to the
amount of energy that could theoretically be regenerated.

In contrast, the PRR90 configuration, equipped with vertical prismatic actuators,
shows moderate energy requirements (up to approximately 16 J). In this case, the linear
transmission reduces losses associated with rotary motion, yet the vertical alignment
means that each actuator must still directly oppose the gravitational load throughout the
motion. The PRR45 manipulator demonstrates the lowest energy consumption, remaining
below 5 J across all motion times. This improved efficiency arises from its 45° actuator
orientation, since gravitational forces are projected along the rails. The load is effectively
shared between the two prismatic actuators, reducing the equivalent effort to roughly half
of the PRR90 and reflecting the inherently favorable mechanical leverage of the PRR45.

For the B-spline trajectory, the overall energy demand increases for all configurations
compared to the cubic polynomial. In particular, the lifting of the payload but also the
smoother yet more dynamic profile introduces higher instantaneous accelerations, leading
to greater actuation torques as is visible in Figure 4b. The energy trends for the RRR-D2
(Ec ≈ 80 J), the PRR90 configuration (up to 50 J) and the PRR45 (Ec < 40 J) confirm the
previously observed considerations about the benefiting from its 45° inclined rails, which
project the gravitational force along the actuation axes and effectively share the load
between actuators. For a more accurate comparison, the consumed and recoverable energy
trends are further presented for all the three manipulators at four different sample times
(T = 0.2 s, T = 0.4 s, T = 0.6 s, and T = 0.8 s) for the two sample trajectories in Figures 7 and 8.

The energy trends for the cubic trajectory highlight clear differences among the three
manipulators by varying the vertical displacement of the robot base. The RRR-D2 shows
the highest energy consumption, with Ec up to 35 J for T = 0.2 s and decreasing as the
motion time increases. This behavior reflects the influence of gravitational and inertial
loads on the rotary joints as also highlighted by the 3D energy plots. The downward trend
with increasing base shi f t suggests that certain configurations require lower joint torques
due to more favorable postures. The recoverable energy Er remains much lower than
the consumed one, indicating that most of the work compensates for gravity rather than
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being recoverable. Hence, compliant elements, e.g., optimal springs, could enhance the
performance further.

(a) Energy trend for T = 0.2 s (b) Energy trend for T = 0.4 s

(c) Energy trend for T = 0.6 s (d) Energy trend for T = 0.8 s

Figure 7. Energy expenditure analysis results for the three manipulators on the first sample trajectory
(point-to-point with cubic interpolation). Ec = consumed energy; Er = recoverable energy.

(a) Energy trend for T = 0.2 s (b) Energy trend for T = 0.4 s

(c) Energy trend for T = 0.6 s (d) Energy trend for T = 0.8 s

Figure 8. Energy expenditure analysis results for the three manipulators on the second sample
trajectory (B-spline). Ec = consumed energy; Er = recoverable energy.
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In the PRR90 configuration, both Ec and Er remain almost constant as the base is
shifted, due to the vertical and parallel prismatic actuators, which operate primarily against
gravity regardless of the position of the end-effector. The ratio between recoverable and
consumed energy is higher than for the RRR-D2, as one actuator moves upward against
gravity, while the other moves downward, partially balancing gravitational work.

The PRR45 shows the lowest and most stable energy values (Ec ≈ 4 J, Er ≈ 3.5 J). The
45° inclination of the prismatic axes reduces the vertical load component, allowing the
actuators to share the gravitational effort, thus reducing total energy consumption.

Overall, the RRR-D2 remains the most energy-demanding configuration, while the
PRR90 exhibits intermediate behavior and the PRR45 the most efficient energy performance
due to its inclined geometry and balanced load distribution.

For the B-spline trajectory, the energy profiles show smoother variations with respect
to base shi f t but similar overall trends among the three manipulators. The RRR-D2 again
displays the highest energy consumption, particularly at shorter motion times, where the
influence of inertial loads dominates. Its Ec decreases slightly as the base moves outward,
while the recoverable energy remains minimal, confirming limited regenerative potential.
The PRR90 exhibits moderate energy levels, with nearly linear and gently increasing Ec and
Er curves, mainly influenced by the continuous action of gravity on the vertical actuators.
The PRR45 maintains the lowest energy demand, though both Ec and Er increase more
noticeably for positive base shi f t, where the actuators operate at less favorable leverage
angles. Overall, the B-spline trajectory confirms the energetic hierarchy already observed
for the cubic trajectory RRR-D2 > PRR90 > PRR45, while emphasizing the smoother and
more evenly distributed energy requirements by spline-based motion profiles.

As an additional assessment, the three planar manipulators are analyzed over a total
operating period of one hour, with an idle interval of 1 s inserted between consecutive
cycles. The corresponding consumed and recoverable energies are then calculated for the
entire time span, considering all four trajectories examined. The results for the four sample
times, the same considered for the previous comparison plots, are shown in Tables 3–6. The
reported results refer to a base shi f t equal to 0 for all the three manipulators.

Table 3. Comparison of energy data for T = 0.2 s.

T = 0.2 s RRR-D2 PRR90 PRR45
Consumed [kJ] Recoverable [kJ] Consumed [kJ] Recoverable [kJ] Consumed [kJ] Recoverable [kJ]

Trapezoidal 76.92 23.88 59.50 50.44 13.69 11.05

Cubic 76.34 27.39 43.68 34.6 12.59 9.91

Quintic 106.23 49.14 59.94 50.46 18.04 15.13

B-spline 209.67 105.09 133.87 119.3 63.59 53.86

Table 4. Comparison of energy data for T = 0.4 s.

T = 0.4 s RRR-D2 PRR90 PRR45
Consumed [kJ] Recoverable [kJ] Consumed [kJ] Recoverable [kJ] Consumed [kJ] Recoverable [kJ]

Trapezoidal 31.48 4.57 34.09 28.29 8.94 7.59

Cubic 31.16 4.58 33.06 27.18 8.83 7.45

Quintic 35.62 7.5 33.59 27.35 8.93 7.36

B-spline 60.63 17.45 46.78 37.06 23.03 16.93
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Table 5. Comparison of energy data for T = 0.6 s.

T = 0.6 s RRR-D2 PRR90 PRR45
Consumed [kJ] Recoverable [kJ] Consumed [kJ] Recoverable [kJ] Consumed [kJ] Recoverable [kJ]

Trapezoidal 23.53 2.69 28.83 24.74 7.75 6.93

Cubic 22.98 2.29 28.37 24.3 7.71 6.87

Quintic 24.56 3.03 28.42 23.99 7.72 6.74

B-spline 37.49 6.17 37.22 30.13 18.65 14.59

Table 6. Comparison of energy data for T = 0.8 s.

T = 0.8 s RRR-D2 PRR90 PRR45
Consumed [kJ] Recoverable [kJ] Consumed [kJ] Recoverable [kJ] Consumed [kJ] Recoverable [kJ]

Trapezoidal 19.58 2.53 25.22 22.29 6.82 6.27

Cubic 19.40 2.29 25.14 22.18 6.82 6.25

Quintic 20.07 2.19 25.12 21.86 6.84 6.17

B-spline 28.21 3.68 32.4 27.04 16.22 13.36

As a general observation, the energy consumption for the trajectories with point-to-
point motion is very similar, while the B-spline trajectory-calculated consumption is higher,
especially for fast motions, which produce higher TCP accelerations and velocities. The
PRR45 manipulator consistently exhibits the lowest overall energy consumption across
all motion profiles and time durations, followed by the PRR90 and finally the RRR-D2,
which remains the most energy-demanding configuration. This hierarchy confirms the
effect of geometry and joint type on the system’s energetic performance. For the B-spline
trajectory, which most closely resembles an actual pick-and-place operation, the RRR-D2
shows the highest consumed energy values, particularly for shorter motion times (e.g.,
T = 0.2 s, with Ec ≈ 210 kJ), while the PRR45 requires substantially less energy (Ec ≈ 64 kJ).
The PRR90 presents intermediate results.

However, when considering recoverable energy, both PRRθ configurations, and es-
pecially the PRR90, demonstrate significantly higher potential for energy regeneration
than the RRR-D2. For example, at T = 0.2 s, the recoverable energy of the PRR90 exceeds
that of the RRR-D2 by nearly a factor of two. This indicates that, although the absolute
consumption may be higher for certain trajectories, the symmetrical structure of the PRR
manipulators enables a more efficient exchange of gravitational work between the two pris-
matic joints. Consequently, the integration of energy-recovery systems, such as regenerative
braking drives, bidirectional power converters, or supercapacitor-based storage modules,
could significantly enhance the overall energetic performance of the PRRθ manipulators.
As said, this approach is particularly effective for the PRRθ architectures, where alternating
actuator motion and symmetric load sharing produce frequent energy exchange.

To conclude the results’ section, the potentially recoverable energy maps, calculated on
the two sample trajectories for the three manipulators and as a function of T and base shi f t,
are displayed in Figures 9–11.

As expected, shorter motion times correspond to higher recoverable energies due
to increased accelerations and braking torques, which raise the magnitude of negative
mechanical work in the actuators. In contrast, for longer cycle times, smoother velocity
and torque profiles lead to limited opportunities for energy regeneration. The base shi f t
also influences the gravitational contribution to the joint torques: when the manipulator
works above or below the neutral origin base configuration, the direction and magnitude
of gravity change and affect the balance between positive and negative mechanical work.
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(a) Er for the RRR-D2 on the first trajectory (b) Er for the RRR-D2 on the second trajectory

Figure 9. Recoverable energy [kJ] maps for an hour of operation of the RRR-D2 manipulator.

(a) Er for the PRR90 on the first trajectory (b) Er for the PRR90 on the second trajectory

Figure 10. Recoverable energy [kJ] maps for an hour of operation of the PRR90 manipulator.

(a) Er for the PRR45 on the first trajectory (b) Er for the PRR45 on the second trajectory

Figure 11. Recoverable energy [kJ] maps for an hour of operation of the PRR45 manipulator.

For PRRθ architectures, small local minima appear close to the neutral base shi f t
(around zero), mainly at intermediate simulation times (T ≈ 0.3–0.4 s). These correspond
to configurations where the prismatic actuators share the effort more evenly, which reduces
the global potential energy variation of the links and therefore the recoverable energy. For
higher vertical offsets, one actuator usually works against gravity while the other works
with it, increasing the amount of energy that can be exchanged between them. On the other
hand, the RRR-D2 manipulator shows a more monotonic reduction in recoverable energy
when T increases, mostly dominated by inertia and joint torque symmetry rather than
gravity effects. To conclude, these maps highlight that both motion timing and structural
configuration have a strong influence on defining the robot capability to regenerate energy,
offering important insight for the optimization of the workspace and trajectory planning in
energy-efficient manipulator design.
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6. Conclusions and Future Outlook
This work compared the energy performance of three planar parallel manipulators

(RRR-D2, PRR90, and PRR45) performing pick-and-place tasks under different trajectory
profiles. Through detailed kinematic, dynamic, and electro-mechanical modeling, both
consumed and recoverable energy were assessed for varying motion duration and vertical
displacement of the robot base. Results show that actuator orientation and geometry
strongly affect energy efficiency: the PRR45 achieved the lowest overall consumption, the
PRR90 offered the highest potential for energy recovery, while the RRR-D2 exhibited the
greatest energy demand due to its rotary actuation and gravitational torque requirements.

As expected, the B-spline trajectories resulted in higher energy levels for all manipu-
lators, as the lifting of the payload and the smoother but more dynamically demanding
motion increases TCP accelerations and velocity gradients, amplifying joint torques through
the manipulator Jacobian. The proportional relation between consumed and recoverable
energy suggests that energy management strategies, particularly regenerative drives or
storage-based recovery systems, could substantially improve efficiency. This is especially
relevant for symmetric PRR architectures, where alternating actuator motions enable fre-
quent regenerative phases.

The study is limited to numerical models and idealized actuator behavior; experimen-
tal validation is therefore required to capture non-linearities such as friction variability and
mechanical backlash. Future work will focus on (i) substituting the rotary actuators and
belt-driven transmissions in the PRR manipulators with linear actuators to reduce losses,
(ii) validating the models and results experimentally, and (iii) developing control strategies
and hardware for effective energy recovery.

Overall, the findings emphasize the role of manipulator geometry, actuator design,
and trajectory planning in shaping the energy efficiency of robotic systems, providing a
foundation for more sustainable automation solutions.
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