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1. Introduction

The use and function of robots are evolving at a fast pace, sparking interest in creative
solutions within a quickly expanding potential market in cutting-edge industries with
applications including service robotics, surgical and rehabilitative robotics, and assistive
robotics. In this context, fresh ideas, approaches, and applications still require considerable
attention. For example, assistive robotics, surgical and rehabilitative robots, service robotics
and other cutting-edge application domains are becoming increasingly important, not only
from a technological and financial standpoint but also in terms of their consequences for
daily life and society as reported for example in [1–12]. Even the use and function of robots
on assembly lines and in other conventional frameworks are being extensively altered in
favor of innovative flexible and agile manufacturing methods. Novel designs are also being
extensively researched, including cable-driven parallel robots (CDPRs), as their conceptual
design can provide a key performance in terms of large workspace, reconfigurability, large
payload capacity, and dynamics [13–16].

This Special Issue aims at attracting cutting-edge research and review articles on any
innovative robot design or modelling/control approach. The published papers in this
Special Issue cover a wide range of topics, including robot manipulation, variable stiffness
actuation, mobile system, social robotics, task optimization, robot compliance, biomedical
devices, collaborative robotics, trajectory planning, and wearable robotics. The first pub-
lished paper presents the concept of a robotic system for the aliquoting of biomaterials,
consisting of a serial manipulator in combination with a parallel Delta-like robot. This is
particularly valuable to avoid the risks of contaminations as reported with a design solution
and simulation models in [17]. The second paper addresses the concept of “Industry 4.0” as
based on the utilization of collaborative robots [18]. In particular, authors present a gestural
framework for controlling a collaborative robotic manipulator using pointing gestures. A
unique robotic collaborative workspace called the Complex Collaborative HRI Workplace
(COCOHRIP) was designed around the gestural framework to evaluate the method and
provide a basis for the future development of HRI applications [18]. The third paper focuses
on robots for rehabilitation tasks by presenting the development of an internal torque moni-
toring system for ASPIRE, a parallel robot designed for shoulder rehabilitation. A complete
analysis regarding the components of the robotic system is carried out with the purpose
of determining the dynamic behavior of the system, as reported in [19]. The fourth paper
addresses the structural-parametric synthesis and kinematic analysis of the RoboMech
class of parallel mechanisms (PM) having two sliders. The proposed methods allow the
synthesis of a PM with its structure and geometric parameters of the links to obtain the
given laws of motions of the input and output links (sliders). The paper outlines a possible
application of the proposed approach to design a PM for a cold-stamping technological
line, as reported in [20].

The fifth paper presents novel models of reconfigurable parallel mechanisms (RPMs)
with a single active degree-of-freedom (1-DOF). The mechanisms contain three to six
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identical kinematic chains, which provide three (for the tripod) to zero (for the hexapod)
uncontrollable DOFs. Each kinematic chain in the synthesized mechanism consists of
planar and spatial parts. Such a design provides them with reconfiguration capabilities
even when the driving link is fixed. This allows the reproduction of diverse output trajec-
tories without using additional actuators, as reported in [21]. The sixth paper presents a
mechanical design of a four degrees of freedom (DOF) wheelchair-mounted upper limb
exoskeleton. The design takes advantage of a non-back-drivable mechanism that can hold
the output position without energy consumption and assist the completely paralyzed users.
Preliminary results are provided to show the effectiveness and reliability of using the
proposed design for physically disabled people, as reported in [22]. The seventh paper
deals with the optimal design of a planar cable-driven parallel robot (CDPR), with three
degrees of freedom, intended for assisting the patient’s affected upper limb along a pre-
scribed movement. A prototype of the optimal design of the CDPR was developed and
validated experimentally, as reported in [23]. The eighth paper addresses the development
of ResQbot 2.0—a mobile rescue robot designed for performing casualty extraction. The
proposed design and development of the mechanical system as well as the method for
safely loading a full-body casualty onto the robot’s ‘stretcher bed’, are described in detail,
as reported in [24]. The nineth paper deals with the Instant center that is an important kine-
matic characteristic which can be used for velocity and singularity analysis, configuration
synthesis and dynamic modeling of multi-degree of freedom (multi-DOF) planar linkages.
The paper proposes two criteria to convert single-loop multi-DOF planar linkages into a
two-loop virtual linkage by adding virtual links. The proposed method can be applied to a
wide range of single-loop multi-DOF N-bar (N ≥ 5) planar linkages, as reported in [25]. The
tenth paper deals with the synthesis of the kinematic structure of a robotic manipulator to
determine the optimal manipulator for a given task by proposing four different algorithms
using the standard Denavit–Hartenberg convention and Bézier splines approximation and
vector algebra. The results are demonstrated with three chosen example poses and are
evaluated by measuring the manipulability and total link length of the final kinematic
structures, as reported in [26].

The eleventh paper refers to robotic deburring by proposing a mechanism that can au-
tomatically reduce cutting forces in the event that the burr is too high, and is able to return
to the baseline configuration when the burr thickness is acceptable again. The effectiveness
of the proposed mechanism is verified by means of dynamic simulations using selected
test cases. A reduction of 60% of the cutting forces is obtained, considering a steel burr
6 mm in height, as reported in [27]. The twelfth paper introduces a novel kinematic model
for a tendon-driven compliant torso mechanism for humanoid robots, which describes the
complex behavior of a system integrating rigid bodies with flexible actuation tendons. In-
spired by the human spine, the proposed mechanism is based on a flexible backbone whose
shape is controlled by two pairs of antagonistic tendons. Preliminary tests are reported to
show the accuracy and efficiency of the proposed torso mechanism, as reported in [28]. The
last paper introduces an innovative robotic foot design inspired by the functionality and
anatomy of the human foot for a humanoid design. The proposed foot mechanism consists
of three main bodies, to represent the heel, plant and toes, connected by compliant joints
for improved balancing and impact absorption. The proposed design was validated with a
numerical simulation, as reported in [29].

The Guest Editors of this Special Issue would like to express their gratitude to the
authors and reviewers for their efforts and time spent in the valuable scientific contributions
and useful feedback that have confirmed the high-scientific-quality of the recent trends in
innovative robot design and approaches.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: This paper introduces an innovative robotic foot design inspired by the functionality and
the anatomy of the human foot. Most humanoid robots are characterized by flat, rigid feet with limited
mobility, which cannot emulate the physical behavior of the foot–ground interaction. The proposed
foot mechanism consists of three main bodies, to represent the heel, plant, and toes, connected by
compliant joints for improved balancing and impact absorption. The functional requirements were
extracted from medical literature, and were acquired through a motion capture system, and the
proposed design was validated with a numerical simulation.

Keywords: robotics; humanoids; foot mechanism; prosthetics; neurorehabilitation

1. Introduction

Humanoid robotics has fascinated and challenged scientists for decades [1]. The
design of humanoid robots has evolved from the serial design of the first humanoids,
such as WABOT (WAseda roBOT) [2], to more refined architectures [3–12]. However,
despite decades of research, the mobility of most of these robots is still limited to the legs,
arms, hands, and head only, with very few examples including torso [10] and foot [13–23]
mobility, despite the feet and torso playing a key role in human motion [24]. The reduced
mobility of humanoid robots in those regions hinders their capability to achieve balance
and to perform complex dynamic tasks. Human foot architecture is characterized by three
main segments—namely the heel, mid-foot, and toes—that fulfill distinct roles during
bipedal locomotion [25].

However, several humanoid robots use flat, one-segment feet [2–12]. Some famous
examples include Honda’s ASIMO (Advanced Step in Innovative Mobility) [3], the iCub
design and its variants from the Italian Institute of Technology [7], and Softbank Robotics
NAO [9]. Several research groups have tried to improve the foot performance by compen-
sating a limited mechanical design with an enhanced sensing/control capability, which
can be obtained by adding force/pressure sensors to the plant of the foot [26–30], with
mixed results. Others kept a one-segment design, but moved from a flat rigid sole to a
compliant one [13–15], obtaining significant results and increased performance (e.g., Boston
Dynamics’ Atlas [14]). Soft options have been also explored through designs with a highly
elastic foot sole directly connected to the ankle joint [16].

Some research groups investigated the possibility of using two-segment feet, with
a heel segment and a toe segment [16–20]. Foot designs with three segments have been
proposed to better mimic human-like motion [21,22], but are usually characterized by
active mechanisms that require a complex control and motion coordination with the rest
of the body [21], or by planar rigid-body mechanisms [22] that achieve balance through
spring-loaded joints only. While successful, the lack of compliance in these three-segment
designs limits their behavior when obstacles introduce 3D torques and loads.

Appl. Sci. 2021, 11, 1686. https://doi.org/10.3390/app11041686 https://www.mdpi.com/journal/applsci5
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In this paper, an innovative passive mechanism for robotic feet is presented, which
is able to adapt to the environment without the need of external actuation thanks to joint
elasticity. First, the mobility requirements to achieve human-like motion are extracted
from medical literature and experimental gait analysis using a motion capture system.
Then, the proposed design is introduced, along with its main characteristics and technical
details. The foot mechanism is validated through numerical simulation with both Finite
Element Analysis (FEA) and Multibody Dynamics, and a prototype is manufactured with
3D printing in order to prove the feasibility of the proposed mechanism on a range of
terrains and obstacles.

2. Materials and Methods

2.1. Requirements for Humanoid Foot Mechanisms

In order to obtain the mobility requirements for humanoid foot mechanisms, the
human gait was analyzed in terms of absolute and angular motion [31–35] looking ret-
rospectively at clinical outcomes from patients who outcome a healthy gait cycle. In
accordance with the medical standards, a variation of the Davis protocol [31]—with a
marker on the second metatarsus instead of fifth—was used to acquire the motion of
11 subjects (details in Table 1) over 10 distinct gait sessions of four walking steps each.
The motion was acquired through a VICON Motion Capture system, with the following
retroreflective marker set configuration and alignment (Figures 1 and 2):

• RA, right ankle marker: Placed at the level of the lateral malleolus;
• RT, right toe marker: Placed on the lateral aspect of the foot at the second metatarsal head;
• RQ, right heel marker: Positioned so that the heel–toe marker vector is parallel to (but

offset from) the sole of the foot, and is aligned with the foot progression line (i.e., the
line from the ankle center to the space between the second and third metatarsal heads).

• LA, left ankle marker: Placed at the level of the lateral malleolus;
• LT, left toe marker: Placed on the lateral aspect of the foot at the second metatarsal head;
• LQ, left heel marker: Positioned so that the heel–toe marker vector is parallel to (but

offset from) the sole of the foot, and is aligned with the foot progression line.

Table 1. Data of the subjects for the gait acquisition.

Subject Age Gender
Weight

(kg)
Height

(cm)

Pelvis
Width
(cm)

Pelvis
Height

(cm)

Right Leg
Length

(cm)

Left Leg
Length

(cm)

Right
Knee

Diameter
(cm)

Left Knee
Diameter

(cm)

Right
Ankle

Diameter
(cm)

Left
Ankle

Diameter
(cm)

1 27 F 67 172 26.5 10 34 34 11 11 6 6
2 37 M 75 175 30 8 34 34 10 10 6 6
3 33 M 80 173 24.5 8 35 35 10 10 6.5 6.5
4 31 F 63 161 27.5 8.5 32 32 10.5 10.5 5 5
5 28 F 56 169 25 8 35 34 8 8.5 4.5 5
6 29 M 65 178 20 7 35 35 10 10 6.5 6.5
7 22 F 56 157 24.5 6 30 30 8.5 8.5 5 5
8 25 F 55 168 24 7.5 31 31 9 8.5 5 5
9 27 M 72 172 21.5 8 35 35 8 8 6 6
10 23 M 75 180 23 8.5 33 34 8.5 8.5 7 6.5
11 21 M 70 179 24 11 35 35 8.5 9 7 7

The BTW Gaitlab software (BTS Bioengineering Corp., Quincy, MA, USA) [32] was
used for the data processing, according to the following steps:

• For each four-step acquisition, each step of the gait was isolated.
• The time of each single step was normalized in a 0 to 100 scale, in which 0 represents

the beginning of the step cycle (stance with dual foot support) and 100 represents the
end of that step cycle, and corresponds to the beginning of the following step.

• The normalized step data were filtered and compared for all of the acquisitions in
order to remove out-of-phase outliers, whereas the outliers on the ankle angle acquired
value were left in the graph in Figure 3 for completeness, but were removed from
further calculations.
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• The remaining dataset was used to obtain a normalized average gait in terms of ankle
angle, which is illustrated by the black line in Figure 3.

Figure 1. Example of the marker placements on the left foot (CAD model), with the left ankle (LA),
left toe (LT) and left heel (LQ) markers.

Figure 2. Example of the marker placements on the right foot of a patient, with the right ankle (RA),
right toe (RT) and right heel (RQ) markers.

Figure 3. Normalized average gait as the ankle angle, in normalized time.

The resulting average angular displacement for the whole motion is approximately
25 degrees, compared to a peak value of 45 degrees of the ankle angular displacement for
some acquisitions. By expressing the angular motion range of the heel part of the foot, the
values in Figure 3 identify all of the possible foot configurations in which the foot must be
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in stable contact with the ground in order to support the body, and will be used both for
dimensioning and simulating the proposed humanoid foot mechanism design.

2.2. An Underactuated Humanoid Foot Mechanism

The proposed foot mechanism aims to enhance robot mobility and efficiency by
enabling body support in all of the stances acquired in Section 2. In order to do so, a
three-segment design was considered, based on the diagram in Figure 4. During the gait,
the foot motion is ruled by four main centers of rotation, which correspond to the ankle
joint, the heel bone (or calcaneus), the navicular tuberosity, and the metatarsophalangeal
(MTP) joint, as shown in Figure 4. The first segment of the foot can be associated to the
calcaneus-talus complex, which includes the heel and ankle, and can be approximated
to a rigid body. The motion of the central segment of the foot is enabled by the active
stiffening behavior of the intrinsic foot muscles in the plantar arches, which connect the
calcaneus to the MTP joint. The plantar fascia and several ligaments support the plantar
arches, which store mechanical energy during weight bearing by deforming. This behavior
can be reproduced with the elasticity of a compliant body. The motion of the last segment
of the foot can be approximated to a flexion/extension movement of the toes, which rotate
around the MTP joint and the interphalangeal joints. The MTP joint is usually described as
a condyloid joint, while the interphalangeal joints resemble revolute joints.

Figure 4. Human foot mobility [23], with a focus on the main joints of the foot: the ankle joint (A),
the heel bone (or calcaneus (B)), the navicular tuberosity (C), and the metatarsophalangeal (MTP)
joint (D/E).

In order to replicate the behavior of the human foot, a new compliant foot mechanism
based on the kinematic scheme in Figure 5 is here presented. The proposed mechanism
is based on a compliant mechanism in the plant, which can be approximated with an
RRPR (revolute-revolute-prismatic-revolute) architecture, with revolute joints in points B,
C, and D, and a link of varying length between B and D. Furthermore, a second compliant
mechanism is added in the MTP joint in point E, with a rigid revolute joint controlled by a
torsional spring.

Figure 5. Kinematic scheme of the proposed foot mechanism based on the corresponding points (A to
E) in the foot mobility diagram in Figure 4: (1) hindfoot; (2) midfoot; (3) forefoot; (4) compliant body.

8
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The mechanism works mainly on the sagittal plane, even if the compliant part can be
designed to balance 3D loads as well. When analyzing the planar behavior of the proposed
foot design, its degrees of freedom can be evaluated from its rigid mechanism equivalent
with the Chebychev-Grübler-Kutzbach criterion as two, controlled respectively by the
plantar compliant element and by the torsional spring of the MTP joint. An exemplar
design of the proposed foot mechanism is shown in Figure 6.

Figure 6. CAD model of the proposed foot mechanism, based on the equivalent kinematic scheme of
Figure 5.

3. Results

3.1. Simulation and Results

The behavior of the humanoid foot was checked through a nonlinear, dynamic study
using FEA. Iterative schemes to solve Equation (1) through the Newton–Raphson method
(NR), already integrated in the software, were used for each node (i).

[M]t+Δt{U′′ }(i) + [C]t+Δt{U′}(i) + t+Δt[K](i) t+Δt[ΔU](i) = t+Δt{R}− t+Δt{F}(i−1) (1)

where:

M = Mass matrix of the system;
C = Damping matrix of the system;

• t+Δt[K](i) = Stiffness matrix of the system;
• t+Δt[R] = Vector of externally-applied nodal loads;

• t+Δt[F](i−1) = Vector of internally-generated nodal forces at iteration (i−1);

• t+Δt[ΔU](i) = Vector of incremental nodal displacements at iteration (i);

• t+Δt{U}(i) = Vector of total displacements at iteration (i);

• t+Δt{U′}(i) = Vector of total velocities at iteration (i);

• [M]t+Δt{U′′ }(i) = Vector of total accelerations at iteration (i).

In nonlinear static analysis, equations have to be solved at any time step t+Δt. Because
the internal nodal forces t+Δt{F}(i−1) depend on the nodal displacements at time t+Δt,
t+Δt[ΔU](i), an iterative method must be used to find a converging solution. The above-
mentioned iterations have several methodologies in place. The NR scheme was used for this
simulation. Within this method, the tangential stiffness matrix is formed and decomposed
in a certain step in every iteration. The NR method using Newmark integration is used
because it has a high rate of convergence, and is quadratic. However, each iteration
generates and decomposes the tangential rigidity, which is prohibitively costly for larger
models. Thus, a different iterative approach may be advantageous.

The humanoid foot was placed above a solid body, simulating the ground. The ground
was fixed, giving it 0 degrees of freedom. A gravity of 9.807 m/s2 was set, acting on the

9



Appl. Sci. 2021, 11, 1686

entire assembly. The temperature loads were included, setting a constant temperature of
298 Kelvin. The mean angular displacement of the ankle acquired from the subject was
used as the input motion for the nonlinear dynamic simulation. The definition of the time
curve for the angle displacement application was set to simulate the mean step duration for
0.63 s, using a force control technique. The input given to the simulation was extracted by
the gait analysis data, and it corresponds to the average gait of Figure 3. The input motion
was applied to the ankle joint axis, which is highlighted in blue in Figure 7.

Figure 7. Ankle joint axis of the CAD model, on which the input motion is applied.

The humanoid foot is composed of four bodies, three of which are in ABS rigid plastic
(Table 2), and the middle of which is set to thermoplastic polyurethane (TPU) for his
flexible mechanical properties, simulating the muscle part. Another key component is the
spring—shown in Figure 8—in the forefoot, which passively improves the ability of the foot
to adapt to the ground; the spring was modelled with a 2 mm diameter, five coils, and an
8 mm length, and alloy steel was chosen as material in order to simulate a commercial part.
After setting all of the required parameters, a mesh was generated with the parameters in
Table 3 to perform the FEA.

Table 2. Mechanical properties of the materials in the FEA.

Property ABS TPU Alloy Steel

Yield strength 4.50 × 107 N/m2 5.41 × 107 N/m2 2.76 × 107 N/m2

Tensile strength 7.30 × 107 N/m2 7.79 × 107 N/m2 6.89 × 107 N/m2

Elastic modulus 3.00 × 109 N/m2 1.48 × 107 N/m2 6.90 × 1010 N/m2

Poisson’s ratio 0.35 0.55 0.33
Mass density 1200.00 kg/m3 1217.00 kg/m3 2700.00 kg/m3

Figure 8. Detailed view of the forefoot torsional spring.
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Table 3. Mesh parameters.

Mesh information Values

Jacobian points 4 Points
Maximum element size 2.00 mm

Tolerance 0.10 mm
Total Nodes 175,296

Total Elements 100,015

Figure 9 shows the FEM nonlinear dynamic analysis stress results computed by the
use of the Von Mises formulation. A maximum value of 2.57 × 106 N/m2 is observed in
the upper part of the rigid midfoot, next to the connection to the compliant body. The
maximum value is significantly smaller than the yield limit of the material, thus validating
the proposed humanoid foot for an average walking gait. The behavior of the impact
of the foot on the ground is obtained by applying the mean angle displacement taken
from the analyzed subjects (see Section 2). The results can be observed in the step-by-step
effect of the load on the different bodies of the humanoid foot, as is shown in the linear
displacement distribution reported in Figure 10:

• Starting from the rigid body of the hindfoot, the angular displacement is applied to
the ankle joint. The hindfoot is connected to the flexible body of the midfoot, which
starts to deform.

• When the angular displacement causes the foot to hit the ground, the midfoot is
characterized by a stress concentration in the upper part, as per Figure 9.

• The arc bottom part of the foot is loaded with a maximum tension of 1.57 × 106 N/m2,
behaving as the human foot muscle when stepping.

• The spring connecting the two bodies of the forefoot is stretched. This helps the foot
to adapt to the ground, and the potential energy of the spring restores the neutral ‘flat’
position when the contact is released.

Figure 9. Von Mises stress distribution.
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Figure 10. Displacement values in the humanoid foot.

These results validate the behavior of the proposed humanoid foot, showing that it
acts similarly to the human foot in terms of stress while walking. Furthermore, the results
prove that the proposed design can safely withstand the loads associated with an average
human gait, including the impact of the foot on the ground.

3.2. Experimental Tests

Due to the promising simulation results, a preliminary prototype was built at the
Biomechatronics Lab of IRCSS Neuromed in Pozzilli, Italy. The prototype is composed of
six parts: five were manufactured by 3D printing, using the rapid prototyping techniques
explained by Cafolla et al. [36], whereas the last one is a commercial mechanical component.
The printing materials were chosen from among a wide variety of commercial resins and
plastics, in order to ensure the desired foot behaviour: the four rigid bodies were printed
in PLA filament; the flexible component, representing the midfoot of the mechanism,
was manufactured using a TPU filament with properties matching the ones of the FEA.
The properties of both materials are reported in Table 4, for reference. Different infill
percentages and patterns were tested for the midfoot, and the final infill was selected for
its optimal TPU stiffness. Both the value of the infill and the 3D support pattern with
which the infill was printed were optimized according to the surface curve of the compliant
component through an FEA with constrained motion (as per the acquired gait).

The correct relative positioning of the components is defined by male and female
rectangular pins. Then, the components are locked together with interlocking shapes.
Additionally, epoxy glue was added to the coupled surfaces in order to improve the
strength of the connection, as it is the most loaded component of the system, as shown
in Figure 9. The assembly of the entire foot is shown in Figure 11. The prototype of the
humanoid foot is composed of a rigid hind foot, a flexible mid foot, and a rigid forefoot,
which is made of three 3D printed rigid parts, namely the connection pin, the sole and the
toe, and a commercial part, the spring. The prototype was scaled down from human size
in order to fit a service humanoid robot design [10–12], and thus the whole foot can fit into
a box of (146 × 52 × 41) mm; it weighs 57.80 g.
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Table 4. Mechanical properties of the materials of the 3D printed prototype.

Property ABS ABS Test Method TPU TPU Test Method

Specific gravity 1.24 g/cc ASTM D1505 1.14 g/cc ISO 1183
Flow rate 6.0 g/10 min - 39 cm3/10 min ISO 1133

Tensile strength 110 MPa (MD) ASTM D882 - -
145 MPa (TD) ASTM D882 - -

Strain at break 160% (MD) ASTM D882 530% ISO 527
100% (TD) ASTM D882 - -

Tensile modulus 3310 MPa (MD) ASTM D882 95 MPa ISO 527
3860 MPa (TD) ASTM D882 - -

Impact Strength 7.5 KJ/m2 - Notched ISO 179
No break Charpy 23C

Hardness - - 45 Shore D ISO 868

Figure 11. Humanoid foot prototype assembly.

As a preliminary test, the adaptability of the foot to different step heights was tested.
Figures 12 and 13 show the foot adapting to a 22 mm high step and a 54 mm high step,
respectively. The combination of the forefoot spring and the compliant midfoot actions
allow the proposed foot design to balance on step heights up to approximately 35% of the
length of the foot.

Figure 12. Humanoid foot prototype assembly on a 22 mm step: (a) unloaded test; (b) loaded test.
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Figure 13. Humanoid foot prototype assembly on a 54 mm step: (a) unloaded test; (b) loaded test.

Further experimental tests were conducted in order to measure the reaction force
between the foot and the ground, and to validate the FEA results of Figures 9 and 10. By
using the experimental setup shown in Figure 14, a load cell was calibrated with a set
of calibration weights (accuracy 1%) before the experimental test, and was then used to
measure the force, according to the scheme in Figure 15. A camera was used to measure the
foot motion by tracking the marker in Figure 14 through the Kinovea software. By using
the real dimension of the marker, i.e., 10 × 10 mm, the motion in pixels is converted to
real-world one with a semi-automated tracking process, which has an estimated accuracy
of 5% (measured through a checkerboard calibration).

Figure 14. Experimental setup for weight and displacement acquisition.

Figure 15. Experimental setup for weight and displacement acquisition.

A 1-second stance cycle was manually reproduced, moving according to the motion in
Figure 16, which was measured with the camera during the experiment. During the load
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cycle, the marker moved 9.5 mm, with a comparable motion to the corresponding point in
the analysis in Figure 10. The action of the foot on the ground, measured with the load cell,
was reported in Figure 17.

Figure 16. Ankle angle, as acquired with motion capture by the camera during a gait cycle.

Figure 17. Force (normalized by body weight of 3.6 kg), as acquired by the load cell during a gait cycle.

The vertical ground reaction force applied to the foot is bimodal, with an initial impact
peak, followed almost immediately by a propulsive peak as the foot pushes off against
the ground. In a conventional humanoid robotic foot, this impulsive force is transmitted
fully to the ankle, with the risk of disrupting the robot’s balance. Conversely, the proposed
foot is able to dampen this impact through the spring and the compliant body, significantly
reducing the stress on the ankle joint.

Hall [37] and Munro [38] report that for a gait speed between 3.0 m/s to 5.0 m/s, the
impact forces range from 1.6 to 2.3 times the body weight, and the propulsive forces range
from 2.5 to 2.8 times the body weight. In order to compare their results to the experimental
ones, an overall body weight of 3.6 kg was estimated from humanoid robots of similar sizes
and proportions [10]. The acquired results, reported in Figure 16, are in a comparable range
(6% error on displacement) of the FEA simulation, and show a comparable behaviour to
that of the human locomotion system, with a propulsive peak of approximately 3.0 times
body weight.

4. Discussion and Conclusions

In this paper, an innovative robotic foot design was introduced, based on the mobility
of the human foot in walking gaits. Whereas most other humanoid robot feet use a single-
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body or two-segment design, the proposed system is characterized by three underactuated
segments that replicate the behavior of the human foot. The motion of the human foot
was studied with gait analysis, which was performed on a sample of 110 human gaits
in order to acquire the motion requirements for the proposed design. A passive foot
mechanism with compliant elements was then introduced in order to improve humanoid
robots’ impact absorption and stability during walking gaits. The proposed design was
validated through a simulation with FEA and Multibody Dynamics, which demonstrated
its functionality. Experiments with a 3D printed prototype of the proposed foot mechanism
were also reported to prove the feasibility of this study.

Overall, this work introduced a novel design that increases foot mobility thanks to a
three-segment foot mechanism, without introducing additional degrees of freedom and
control complexity into the system. In future works, the foot will be assembled on a
humanoid robot for full validation. In addition, the proposed humanoid foot is feasible for
future developments and studies in the field of prosthetics and neurorehabilitation.
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Featured Application: Model-based motion planning of cable-driven compliant mechanisms

with a flexible backbone.

Abstract: This paper introduces a novel kinematic model for a tendon-driven compliant torso
mechanism for humanoid robots, which describes the complex behaviour of a system characterised
by the interaction of a complex compliant element with rigid bodies and actuation tendons. Inspired
by a human spine, the proposed mechanism is based on a flexible backbone whose shape is controlled
by two pairs of antagonistic tendons. First, the structure is analysed to identify the main modes of
motion. Then, a constant curvature kinematic model is extended to describe the behaviour of the
torso mechanism under examination, which includes axial elongation/compression and torsion in
addition to the main bending motion. A linearised stiffness model is also formulated to estimate
the static response of the backbone. The novel model is used to evaluate the workspace of an
example mechanical design, and then it is mapped onto a controller to validate the results with
an experimental test on a prototype. By replacing a previous approximated model calibrated on
experimental data, this kinematic model improves the accuracy and efficiency of the torso mechanism
and enables the performance evaluation of the robot over the reachable workspace, to ensure that the
tendon-driven architecture operates within its wrench-closure workspace.

Keywords: humanoid robotics; assistive robotics; service robotics; mechanism design; kinematics;
cable-driven robots; compliant mechanisms; underactuated mechanisms; motion analysis; workspace

1. Introduction

Mobile robots are often limited in their tasks by an environment designed to be
inhabited by humans. A wheeled robot, for example, cannot climb stairs, while an animal-
like robot, such as hexapods or quadrupeds, is often stopped by a closed door. Conversely,
humanoid robots can interact with human-sized items and navigating in human-sized
environments. Furthermore, people tend to react better to humanoid robots than to other
architectures [1].

Most humanoid robots are developed to optimise their limb mobility with a “black
box” approach, in which the locomotion system is developed independently from the
manipulation system and then integrated only through control software. Thus, complex
leg and arm designs can be found in the literature [2], whereas the robot torso usually
consists of a single body with no mobility. This kind of architecture can be observed in the
most successful humanoid robots, including Honda’s ASIMO [3], University of Waseda’s
WABIAN family [4], and Softbank’s NAO [5] and Pepper [6].

However, the human torso plays a key role in both locomotion and manipulation tasks,
by supporting dynamic balance and increasing reach and dexterity [7–9]. Thus, recent
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humanoid robot designs have started introducing torso motion control [10] or one or more
degrees of mobility in the torso to enhance performance. These designs range from simple
serial mechanisms [11–13] to parallel architectures [14–16], which have demonstrated how
much torso mobility can improve robot performance.

Among these robots, the LARMbot humanoid [17–20] is equipped with a cable-driven
compliant torso mechanism with a complex behaviour inspired by the human spine: a
central compliant element represents the backbone; actuated cables act as muscle tendons
to define the shape of the central element, and rigid disk-like vertebrae route the cables in
parallel to the backbone [15].

In previous studies, the behaviour of this mechanism has been numerically determined
by linearly interpolating motion calibration data experimentally [16]. However, while a
satisfying performance can be obtained with this procedure, the result is limited to a specific
design and geometry and high precision can be ensured only in a limited motion range.
Conversely, a model-based control would ensure correct behaviour of the mechanism over
its whole range of motion and for any given geometry.

While an analytical kinematic model would significantly improve torso performance,
modelling the complex cable-driven compliant mechanism poses several challenges. While
hybrid mechanisms with a rigid joint in parallel to two or more actuation cables have
been kinematically modelled in the past [21,22], previous results can only be partially
applied to the proposed mechanism due to the increased mobility and compliance of the
compliant backbone, which is capable of three main motion modes: bending, compression,
and axial torsion.

A solution to this can be found in continuum and snake-like robot literature. These
systems are characterised by a compliant backbone with bending capabilities [23,24] that
are described through constant [25] or variable [26,27] curvature kinematics. These models
use two variables to define the bending mode, namely bending angle and direction of the
bending plane, and they are also capable of describing backbone elongation [28].

In this paper, an extension of the constant curvature kinematic model which includes
torsion and elongation is proposed as a novel solution to define a kinematic model that
accurately describes the complex behaviour of the LARMbot’s torso mechanism. First, the
mechanical design of the torso is introduced with its main constructive details. Then, the
behaviour of the different components of the system—tendons, compliant backbone, and
rigid disks—is kinematically modelled to obtain a closed-form solution for an efficient
control system. Finally, the model is validated with numerical results.

2. Materials and Methods

In this section, the architecture of the LARMbot’s torso mechanism is briefly intro-
duced with its main constructive elements and its functioning. Then, the mechanism’s
behaviour is modelled with a constant curvature model to describe its bending compli-
ance, expanded to include both backbone torsion and compression due to cable tension.
The proposed model achieves a closed-form analytical formulation for the robot kinemat-
ics, for accurately and efficiently controlling the system as well as enabling a complete
characterization of its behaviour.

2.1. Mechanical Design of LARMbot’s Torso Mechanism

The LARMbot humanoid robot was developed between 2012 and 2018 [15–20] at the
LARM laboratory of the University of Cassino. It was designed as a low-cost user-friendly
humanoid robot for service tasks, and it features parallel mechanisms both in its legs [29]
and torso [30] to achieve a high kinematic and dynamic performance.

As shown in Figure 1, this humanoid robot is characterised by 22 active degrees of
freedom (DoFs), a height of 850 mm, and an overall mass of 3.600 kg only, thanks to its
lightweight 3D-printed frame [17]. Its torso mechanism, CAUTO (CAssino hUmanoid
TOrso), is bioinspired, reproducing Functional Spine Units (FSU). The torso is at the core of
the LARMbot performance, as it contributes to both walking balance, general navigation,
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and manipulation tasks thanks to the additional three active DoFs that it provides to the
system. The main geometrical parameters of this mechanism are reported in Table 1, while
the main components are illustrated on a 3D-printed prototype in Figure 2.

(a) (b) 

Figure 1. The LARMbot humanoid robot [17,18]: (a) Architecture and mobility; (b) A prototype.

Table 1. Technical specifications of the LARMbot’s torso mechanism (CAUTO) [15,16].

Width [mm] Depth [mm] Height [mm]

200 150 300

Mass [kg] Backbone Mobility Actuators

1.200 4 Degrees of Freedom 1 4 Servomotors 2

1 Bending angle, direction of bending, axial torsion, axial elongation. 2 The tendon-driven architecture means that
four motors can actively control three degrees of freedom.

Figure 2. A prototype of the LARMbot’s torso mechanism with its main components [15,16].
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The main structural element of the torso is the compliant backbone, made of com-
mercial flexible shaft couplers that are characterised by a compliant response to bending
and a stiffer response to axial torsion, compression, and elongation. As these components
connect the rigid vertebrae of the spine, they determine the mobility of the system. The
intrinsic stiffness of the backbone also dampens the effect of unexpected wrenches on the
system and restores a straight torso position in case of structural failure of the tendons. The
configuration of the couplers is actuated by four tendons that determine the pose of the
upper torso with respect to the lower torso.

2.2. Kinematic Modelling of a Compliant Tendon-Driven Torso Mechanism

When compared to other similar tendon-driven mechanisms with four cables driving
a joint, such as the rehabilitation device in [22], the LARMbot’s torso mechanism poses
additional challenges due to the compliance of the backbone. First, the backbone is not
an idle joint, and, because of its stiffness, it exerts a wrench on the upper platform in any
non-straight configuration. This wrench results in a higher actuation force required to
move the torso mechanism but improves the dynamic behaviour of the mechanism by
restoring a stable position when force closure is not achieved [22]. Furthermore, the torso
mechanism, which is illustrated in the kinematic scheme in Figure 3, is also characterised
by a degree of underactuation.

(a) (b) (c) 

Figure 3. A kinematic scheme of the LARMbot’s torso mechanism: (a) Main geometrical and motion
parameters of the compliant backbone; (b) Cross-section view of a vertebra with actuation tendon
routing geometry; (c) Side representation of the entire system in a straight configuration with tendons
routing points on the lower and upper torso.

The backbone has four DoFs, which can be characterised by the following parameters
with reference to the kinematic schemes in Figure 3:

• Backbone bending angle θ, which is defined as the angle between the x0y0 plane of
the lower torso frame {S0} and the xy plane of the upper torso frame {S}.

• Direction of bending ϕ, which is defined as the angle between the plane of bending
and the x0y0 plane of the lower torso frame {S0}.

• Axial torsion Δϕ, which is defined as the angle between the x0z0 plane of the lower
torso frame {S0} and the xz plane of the upper torso frame {S}.

• Axial elongation/compression Δ�, which is defined as the variation of the neutral
backbone length � caused by the wrench acting on the component.

However, only three of these DoFs can be actively controlled by the four actuators,
as the tendons (routed as per Figure 3b,c) can only pull, but not push [22]. Thus, the
configuration of the mechanism cannot be determined with motor position only, as its
torsional mobility is underactuated and depends on the passive spring-like elements in the
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system, that is, the torso’s backbone. Thus, kinematics must be integrated with a stiffness
model of the backbone for complete characterization.

As previously mentioned, a piecewise constant curvature kinematic (PCCK) model is
used to describe the main bending of the backbone. PCCK models have been conceived as a
convenient tool to analyse and control continuum robots, as explained in [25], even though
they are recently being replaced by more complex models with variable curvature [26,27]
to accurately describe the hyper-redundant architecture of those systems, with complex
motion coupling between independently bending sections. However, as the proposed
torso mechanism can be represented by a single bending section, a constant curvature
model can appropriately model the compliant backbone with limited approximation errors.
To describe the pose of the lower and upper torso, the reference frames {S0} and {S}
can be defined at the base and at the end of the backbone, respectively. By assuming
constant curvature along the backbone, the translation along its central curve t ∈ R

3 can
be expressed by an arc of a circle as:

t(θ, ϕ, Δ�) =
�+ Δ�

θ

⎡⎢⎣ cos ϕ(1 − cos θ)

sin ϕ(1 − cos θ)

sin θ

⎤⎥⎦, (1)

while the rotation from {S0} to {S} can be written as a rotation matrix R ∈ SO(3) that is:

R(θ, ϕ, Δϕ) = Rz(ϕ)·Ry(θ)ΔRz(Δϕ − ϕ), (2)

where Rz(ϕ) represents a rotation of ϕ around the z-axis, Ry(θ) represents a rotation of
θ around the y-axis, and Rz(Δϕ − ϕ) represents a rotation of Δϕ − ϕ around the z-axis.
These equations expand the conventional PCCK that is described in [25] to include both
the elongation/compression and the axial torsion that are characteristic of the mechanism
under examination. The forward kinematics of the torso mechanism can be thus defined
with the homogeneous transformation T ∈ SE(3) from {S0} to {S} as:

T(θ, ϕ, Δ�, Δϕ) =

[
R(θ, ϕ, Δϕ) t(θ, ϕ, Δ�)

0 1

]
. (3)

Equation (3) represents only the first part of the kinematics of the structure, as it relates
the pose of the upper torso (with respect to the lower torso) only to its configuration, not to
the length of the actuating tendons. To compute tendon length l = (l1; l2; l3; l4)

T , the four
tendons can be modelled as circle arcs that bend in parallel to the backbone, with the same
bending angle and direction. Thus, their lengths can be evaluated as:

li = �+ Δ�+ θr cos
(

ϕ + Δϕ +
(i − 1)π

2

)
; i = {1, 2, 3, 4}. (4)

By using Equations (3) and (4), the relationship between actuation vector l and upper
platform pose T can be obtained, defining the kinematic input-output function of the
robotic system. However, as previously mentioned, the stiffness of the backbone must
be considered for full characterization. In order to do so, a linear elastic behaviour of
the backbone is assumed, with a torsional stiffness kt, a compression module of kc, and a
bending stiffness kb that can be evaluated from the material properties and are related to
motion parameters as:

Mz = ktΔϕ; Fz = kcΔ�; Mθ = kbθ, (5)

where Mz is the moment around the z-axis of the backbone, representing axial torsion; Fz is
the force along the z-axis of the backbone, representing compression; and Mθ = My sin ϕ−
Mx cos ϕ is the bending moment acting on the backbone, which can be written as a combi-
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nation of the moments around the x- and y-axes of the backbone, Mx and My. Given the
tensions in the tendons F1, F2, F3, and F4, these values can be computed as:

Mx = (F2 − F4)r;

My = (F3 − F1)r;

Mθ = My sin ϕ − Mx cos ϕ;

Fz =
4
∑

i=1
Fi.

(6)

Thus, as expressed in Equation (6) and with reference to Figure 4, the four actu-
ation cables can actively control the two DoFs related to bending, whereas the compres-
sion/elongation and torsion of the backbone are coupled and cannot be actuated independently.

Figure 4. A free-body diagram of the upper torso without any external wrench. The reactions of
the backbone are represented by Mz, Fz, and Mθ , whereas F1, F2, F3, and F4 are the tensions in the
actuation tendons.

If a general external wrench
(

Px; Py; Pz; Wx; Wy; Wz
)T is applied to the upper torso,

the elongation and torsion of the backbone can be estimated from:

Mx = (F2 − F4)r + �+Δ�
θ

(
Pz sin ϕ(1 − cos θ)− Py sin θ

)
+ Wx;

My = (F3 − F1)r + �+Δ�
θ (Px sin θ − Pz cos ϕ(1 − cos θ)) + Wy;

Fz = Pz +
4
∑

i=1
Fi;

(7)

and decoupled through a pose measurement with an onboard motion sensor (for example,
with the Inertial Measurement Unit (IMU) installed on the LARMbot’s upper torso).

In summary, the model in this section can be used to accurately move the CAUTO
torso by integrating the feedback from the motors’ sensors and the IMUs on the upper
torso and the head of the humanoid robot to enable closed-loop control.

3. Results

The kinematic model defined in the previous section is here used to evaluate the
workspace of the torso mechanism and its characteristics. Furthermore, a simple mapping
of the kinematic variables to an input joystick device is discussed for smooth motion
planning with experimental validation of a prototype moving in the torso’s workspace that
is evaluated with the proposed model.
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3.1. Workspace of the Proposed Torso Mechanism

Whereas the original motion planning was based on a regression between calibration
points, the new analytical kinematic model enables a full characterization of the reachable
workspace of the robot by defining all the reachable points of the mechanism. By using
the forward kinematics in Equation (3), the reachable workspace of the mechanism was
evaluated, given the size and motion parameters of the torso prototype in Figure 2, which
are reported in Table 2. Once defined the motion limits on angle and direction of bending, as
per Table 2, and by assuming a negligible compression of the backbone, the minimum and
maximum tendon lengths were computed through Equation (4). The reachable workspace
was defined as the geometrical locus of all the points that can be reached by the upper
endpoint of the backbone’s centreline, and it was computed in MATLAB R2021a as plotted
in Figure 5. As expected, for a negligible compression, the operational workspace shape
resembles a convex surface.

Table 2. Size and motion parameters of the torso mechanism prototype in Figure 2.

Backbone Length � Bending Angle θ Bending Direction ϕ

129.0 mm [0; 15] deg [0; 360] deg

Backbone compression Δ� Tendon length li Tendon radius r

0.0 mm [120.0; 138.0] mm 34.0 mm

Figure 5. Workspace of the LARMbot’s torso mechanism evaluated through the proposed PCCK
model with elongation and torsion.

3.2. Experimental Validation

To validate the proposed kinematic model, the workspace result was compared to
the reachable workspace of the prototype as per Figure 6, which was evaluated in the
configuration space of the robot by measuring the orientation of the upper torso. The
experimental setup is illustrated in Figure 7 with its main components, which include the
torso prototype with an embedded IMU on the upper torso on the last Functional Spinal
Unit (FSU) to extract the orientation data, an Arduino microcontroller with the kinematic
model, a power supply, and a joystick (spring-loaded to the centre) to teleoperate the
system. All the motors are embedded in the waist of the robot not to hinder spine motion.
While a wired control was used in this experimental validation, wireless communication
can enable autonomous navigation with the humanoid robot. The motion of the torso
was mapped to the joystick motion according to the proposed kinematic model, with the
direction of the joystick controlling the direction of bending ϕ and the position of the
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joystick linearly mapped to the bending angle θ. The extreme positions of this mapping are
illustrated in Figure 6 with the corresponding upper torso pose.

 

Figure 6. Motion control of the LARMbot’s torso mechanism through a joystick, with motion
mapping to angle of direction and bending angle. F: forward; FL: forward-left; L: left; BL: backward-
left; B: backward; BR: backward-right; R: right; FR: forward-right.
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Figure 7. Experimental setup for the validation of the proposed kinematic model, including the torso
mechanism, an Arduino microcontroller, a joystick for teleoperation, and a power supply.

In the reported experiment, the robot was driven from a central position (straight
backbone) to a point on the outer border of its workspace and then was moved around the
entire border once before going back to the central position (see Figure 6). This motion was
repeated four times, and the motion data of the upper torso were reported in Figures 8 and 9
as acquired by the IMU. Figure 8 illustrates the acquired motion as bending around the
x- and y-axes of the torso mechanism, whereas Figure 9 reports the overall bending angle
and axial torsion of the torso. The proposed torso mechanism can reach and move around
the limits on its workspace, as illustrated in Figure 10, which shows the acquired IMU
data points during a manually operated motion around the reachable workspace that was
computed with the new analytical model. The experiments also show a negligible backbone
elongation and torsion in absence of any external wrench, as motion is here obtained by
tendon action only. The proposed model achieves a smooth motion, with acceleration
values always below 36 rad/s2, as reported in Figure 11. The power consumption is also
fairly low, with a maximum value below 15 W, as reported in Figure 12. The experimental
results are summarised in Table 3.

Figure 8. Raw orientation data acquired by the IMU on the upper torso expressed as bending around
the x- and y-axes of the upper torso of the robot in Figure 6.
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Figure 9. Orientation data acquired by the IMU on the upper torso and mapped as torso bending
angle θ and axial torsion Δϕ.

Figure 10. Top view of the acquired teleoperated torso motion and comparison with the computed
workspace in Figure 5.

Figure 11. Acceleration data acquired by the IMU on the upper torso mapped as angular acceleration
around the instantaneous bending axis αθ and around the backbone axis αz.
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Figure 12. Power consumption acquired with a current sensor during the torso motion reported in
Figures 8 and 9.

Table 3. Experimental results.

Maximum Angular Value Maximum Acceleration

Backbone bending θ = 17.95 deg αθ = 35.75 rad/s2

Backbone torsion Δϕ = 1.54 deg αz = 8.32 rad/s2

4. Discussion

In this paper, a kinematic model was proposed for a four-DoF tendon-driven compliant
torso mechanism for humanoid robots. The proposed model is presented with a closed-
form analytical formulation and it is used to compute the workspace of the mechanism
under examination. The results are validated on a prototype, which is operated with a
joystick on which the proposed model is mapped. The main findings of this paper can be
summarised as:

• Mobility analysis: The mobility of a four-DoF tendon-driven compliant torso mech-
anism for humanoid robots is analysed to identify its main modes of motion. The
degrees of mobility of the robot are further classified as active degrees of freedom,
which can be controlled by the action of one or more actuators, and passive degrees of
freedom, which depend on the intrinsic stiffness of the system only.

• Kinematic modelling: The proposed constant curvature kinematic model, which is
usually used for continuum robots, is used to describe the main bending mode of
motion (θ, ϕ) of the spine of the torso. The conventional constant curvature kinematic
model is characterised for the analysed system, and an expanded model is here
proposed to include backbone elongation Δ� and torsion Δϕ.

• Stiffness modelling: A linearised stiffness model is introduced to create an efficient
framework with lumped parameters to relate the deformation of the backbone to the
wrench acting on the upper torso of the mechanism. This model also outlines how the
axial torsion of the backbone cannot be controlled by the actuation tendons, as it can
only be caused by external wrenches.

• Workspace analysis: The behaviour of the torso mechanism is characterised by evalu-
ating its motion limit as a reachable workspace, bending and direction angles, and
tendon displacement.

• Joystick mapping: A joystick mapping of the main motion parameters of the proposed
kinematic model is proposed, with direction and angle of bending linearly mapped to
joystick orientation and magnitude respectively.
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• Experimental validation: The workspace computed with the proposed model is con-
firmed by experiments with the prototype, whose motion is acquired by an onboard
inertial measurement unit.

The main advantages of the proposed model, which replaces a previous approximated
model calibrated on experimental data, can be identified as higher accuracy and efficiency
and a quick response thanks to the closed-form analytical formulation. Furthermore,
this model can be also used to evaluate the operating performance of the robot over the
reachable workspace and to ensure that the tendon-driven architecture operates within its
wrench-closure workspace.

Future works will focus on refining the current model by introducing a dynamic and
stiffness model of the system, which will be validated with the addition of load cells on the
tendons; by defining the performance of the torso through numerical indices that can be
used to optimise motion planning; by analysing the compliant behaviour of the backbone
with Finite Element analysis simulations in order to evaluate the error introduced by the
lumped parameter model that is proposed in this manuscript; and finally by integrating
this model with the kinematics of the whole humanoid, in order to implement a dynamic
control of the system.
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Featured Application: The proposed variable stiffness mechanism will be used in robotic debur-

ring applications, in particular in applications with high and irregular burr profiles, ensuring a

precision cut without damaging the cutting tool or the robot.

Abstract: One of the main issues related to robotic deburring is that the tool can get damaged or
stopped when the burr thickness exceeds a certain threshold. The aim of this work is to devise
a mechanism that can reduce cutting forces automatically, in the event that the burr is too high,
and is able to return to the baseline configuration when the burr thickness is acceptable again. On
the one hand, in normal cutting conditions, the mechanism should have high stiffness to ensure
high cutting precision. On the other hand, when the burr is too high the mechanism should exploit
its compliance to reduce the cutting forces and, as a consequence, a second cutting cycle will be
necessary to completely remove the burr. After the conceptual design of the mechanism and the
specification of the desired stiffness curve, the main design parameters of the system are derived
thanks to an optimization method. The effectiveness of the proposed mechanism is verified by means
of dynamic simulations using selected test cases. A reduction up to 60% of the cutting forces is
obtained, considering a steel burr up to 6 mm high.

Keywords: deburring; robot; cutting forces; compliant mechanism

1. Introduction

The deburring process is mainly performed by using manual labor or computerized
numerical control (CNC) machines, but in the research field also robotic solutions have
been considered [1]. Workers can easily adapt to the unpredictability of the burr, but
the dangerous working conditions and the difficulty of the task suggest using dedicated
machines. To do so, special CNC machines have been developed, even if a comparable
robotic solution costs less than 1/3 than the cost of a CNC machine [2]; moreover, when
compared to a CNC machine, an industrial robot can provide a wider workspace, is usually
more flexible (since it has a higher number of degrees of freedom), and can provide a higher
dexterity, adapting its movement to complex geometries. The drawback of robotic solutions
relies on the fact that robots are generally less stiff and accurate than CNC machines [3]: this
affects the finishing of the workpiece, can cause chatter [4], and increases the programming
and setup time.

The literature related to robotic deburring is limited [1], when compared to the liter-
ature related to robotic machining. This can be related to the high variability of the burr
profile, which may behave differently depending on the workpiece material [5,6] and may
influence burr removal time [7]. In other fields, the effect of burr properties and grinding
tool on the final result has been studied. In particular, it has been of great interest in the
biomedical field, where the bone grinding is crucial for surgical operations [8]. In fact, the
shape of the tool itself provides different deburring results both in terms of temperature
and tool wear [9], which may be fundamental for industrial applications, in which the burr
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to be removed is made of a material sensible to temperature (e.g., plastics or aluminum) or
in intensive and repetitive tasks (e.g., robotic deburring). In depth analysis of the grinding
process has been developed for yttrium aluminum garnet (YAG) single crystals, in which
it is shown that strain rate plays an important role in the final deformation [10]. This
knowledge can be integrated in robotic deburring for specific applications.

In industrial robotics, most of the research effort has focused on obtaining a precise
control of the robot motion: Tao et al. [11] developed a sliding mode control method
based on radial basis function (RBF) neural network, which is able to learn uncertain
control actions. Quian et al. [12] proposed a sensorless force controller that uses the
information retrieved only from collaborative robot internal motor sensors to estimate
the burr dimensions. Other methods used to handle the high variability of the burr
profile include the use of sensors [13,14], but these approaches are not suitable in many
deburring applications since the working environment is usually dirty and dusty. If the
ambient is clean, however, sensors can be used effectively [15]. El Naser et al. [16] and
Gou et al. [17] have developed a robotic arm designed purposely for deburring. This
approach is similar to the development of a special CNC machine. On the other hand, Lai
et al. [18] have presented a novel design that includes an additional manipulator to be
linked to an existing industrial robot. In this way, the kinematic chain becomes similar to
the one of a parallel robot, thus increasing stiffness. These last two approaches, however,
requires a complex external equipment, which may be expensive and time-consuming for
industrial applications.

To increase or decrease the stiffness of the mechanical system during specific tasks,
variable stiffness actuators (VSA) and mechanisms have been developed. They can be
useful in many fields of application, such as in machining operations, since the stiffness
can be changed to improve the surface finishing or reduce vibrations. During the years
different solutions have been proposed. Vuong et al. [19] proposed a mechanism that can
be tuned to change its stiffness in a wide range, from zero to (theoretically) infinite. It uses
multiple linear guides in combination with a moving pivot and linear springs to achieve
this functionality. Another example of VSA can be found in [20], in which the authors
focused on the compactness of the system and obtained a stiffness inversely proportional
to the gear displacement. A variable stiffness robotic arm has also been designed [21]: in
this case a 7-degrees-of-freedom manipulator takes advantage of VSA to perform different
tasks in the SHERPA mission. Moreover, Petit et al. [22] developed an ad-hoc controller to
take advantage of VSA capabilities.

Deburring is a redundant task: the workpiece can be machined on any point of the
grinding surface of the grinding wheel. Therefore, it is possible to achieve functional
redundancy [23], and the robot can perform the same task using different configurations.
For example, if the stiffness and inertial properties of the robot are known or experimentally
identified [24,25] it is possible to choose a proper configuration so that the kinematic chain
of the robot is stiff enough to perform the grinding operation. However, this field of
research has only been partially explored. To overcome the functional redundancy, Nemec
et al. [26] proposed to create robot recipes by means of programming by demonstration:
by analyzing the movements of an expert human demonstrator, the robot can perform the
same task (in this case polishing) exploiting redundancy. Moreover, as can be seen in [27],
the stiffness map of a robot can be used to improve the accuracy of the assigned task. In
particular, in this work, the authors introduced a compensation strategy to improve a roll
hemming process. A stiffness model of a parallel haptic mechanism suitable for real-time
computation has been proposed in [28].

When traditional industrial robots are concerned, it is usually difficult to implement
force feedback controllers for deburring control purposes. Moreover, industrial applications
require high flexibility and reduced implementation costs.

In sum, the literature review suggests that novel deburring techniques are needed to
improve flexibility and precision and reduce costs. Indeed, CNC machines provide the
best performance, but are generally more expensive and less flexible when compared to
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robotic solutions. One of the main issues related to robotic deburring is that the tool can get
damaged or stopped when the burr thickness exceeds a certain threshold. A simple system
suitable for industrial application is thus required to automatically compensate cutting
force peaks. A passive mechanical system is a possible solution: the robot programming
remains unaffected, and, if unexpected deburring forces appear, the mechanical system
will automatically adapt to reduce the forces applied to the robot.

To achieve this objective, in this paper a simple mechanism is presented that can
be used to reduce the peaks of deburring forces that could harm the robot structure or
deburring tool. The mechanism will reduce cutting forces automatically if the burr is too
high thanks to its compliance, while it will return to the baseline configuration when the
burr thickness is acceptable again. The proposed system has also the advantage not to
need a high setup time, when compared to a force feedback controller implemented in an
industrial robot.

The work is organized as follows: in Section 2 the formulation of deburring forces is
covered; in Section 3 the proposed mechanism and its mathematical model are presented;
in Section 4 the design of the mechanism is addressed; Section 5 presents the dynamic
analysis and simulation of the system in selected test cases; finally, Section 6 concludes
the paper.

2. Deburring Forces

Limited information is available about the estimation of deburring forces. However,
a simple model has been developed starting from the grinding process [6,29,30]. In the
deburring configuration considered (Figure 1), the material is removed by the cylindrical
surface of the deburring wheel, with the workpiece moving from the right to the left (along
the y axis) and the deburring wheel rotating counterclockwise.

Figure 1. Scheme of the workpiece position in relation to the mechanism axis of movement (a);
deburring forces (b).

The material removing rate (MRR) of a single chunk of material can be calculated
from the burr dimensions and workpiece movement speed:

MRR = bw · h · va

[
m3

s

]
(1)

where bw and h are the width and height of the material chunk, and va is the linear
workpiece movement speed. If the material and its specific removal energy u are known
and the rotational speed ω of the grinding wheel is defined, it is possible to calculate the
tangential cutting force needed to remove the slice of material as follows:

Ft =
bw · h · va · u

ω · R
[N] (2)
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where R is the radius of the grinding wheel.
In practice, (2) depends on the position of the mechanism since the burr height that

the grinding wheel removes varies with its x position. As a result, Ft can be expressed as:

Ft =
bw · va · u

ω
· (h − x)

R
(3)

It is worthy to point out that the other main force component involved in the cutting
process is the force Fn normal to the burr surface. The ratio (μ = Ft/Fn) between Ft and Fn
depends on the material, but its value is usually between 0.2 (ceramics and high strength
steel) and 0.8 (mild steel) [31]

If the material is removed by a small portion of the grinding wheel surface (Figure 1):

h − x = R − Rcos(θ) → θ = arccos
(

1 − h − x
R

)
(4)

Since Ft and Fn are applied evenly on the surface of the material being removed, it is
possible to consider them applied in the middle of the surface, so they are inclined of θ/2
with respect to the y and x axis, respectively. The resulting force along the mechanism x
axis is:

Ftx = Ft sin
(

θ
2

)
, Fnx = Fn cos

(
θ
2

)
= Ft

μ cos
(

θ
2

)
Ftot = Fnx − Ftx = bw ·va ·u

ω · (h−x)
R

(
1
μ cos

(
θ
2

)
− sin

(
θ
2

)) (5)

It is worth to notice that in practice R � h, so usually θ → 0 . Equation (5) is still valid
for a generic deburring process, but in this case it is possible to simplify it to calculate the
actual normal component of the deburring force applied to the mechanism Fb:

Fb ≈ bw · va · u
μ ω

· (h − x)
R

(6)

3. Proposed Mechanism

It is assumed that the robot arm is holding the workpiece, while the grinding wheel
is attached to the ground through the proposed mechanism (Figure 2). The robot end-
point trajectory assures the desired depth of cut and feed rate of the piece with respect
to the grinding wheel. To develop a mechanism that is as simple as possible, the main
compliance direction, assumed normal to the burr (i.e., parallel to the direction of the
normal component of the deburring force (6)), should be fixed. The cutting forces that arise
during the deburring can be projected along the tangent and normal directions to the burr
profile [32], as discussed in Section 2, and the tangential component of the deburring force
is balanced by the manipulator.

Figure 2. System configuration: the robot holds the workpiece whilst the compliant mechanism
holds the grinding wheel.
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The main objective is to obtain a mechanism that does not change configuration in
normal conditions (assuring a precision cut thanks to its high stiffness), while it changes
configuration and reduces its stiffness (and thus the forces applied to the grinding wheel)
when the burr exceeds a certain threshold value. In this case, a second cutting cycle is
necessary to completely remove the burr.

The proposed mechanism is a slider-crank, where the crank is attached to the ground
and the grinding wheel is fixed to the slider. To introduce some forces that allow the
system to return to the baseline configuration, some springs are connected to different
parts of the mechanism. To obtain a suitable mechanism behavior, it is chosen to place the
mechanism close to a singularity, namely close to the top-dead-center (TDC) point. As
a result, when the mechanism is close to the TDC, the slider-crank mechanism can react
with a maximum force value (see Section 3.1), below which the slider (which supports the
grinding wheel) does not move. Of course, if the mechanism is exactly at the TDC, the
force value becomes the one giving the structural break of the structure. If this threshold
is exceeded, the grinding wheel moves away from the workpiece, thus removing less
material, and consequently reducing the cutting force. The slider-crank is ideal for the
task at hand since it is easy to build and is suitable for working conditions near the TDC.
To avoid to reach the singular configuration, a mechanical stop is applied to the slider
(described in more detail in Section 5).

3.1. First Temptative Mechanism

The possibility to add three translational springs to the classic slider-crank mecha-
nism is explored (Figure 3): one for the y-translation of the crank-end (k1); one for the
x-translation of the crank-end (k2); one for the x-translation of the slider (k3). In this first
stage the springs are connected to sliders, so that their elongations remain parallel to the
main axes x and y. The free lengths of the springs are such that they do not generate any
forces when the mechanism is in the TDC (angle of the crank θ = 0, and angle of the rocker
arm link α = 0), i.e., the free length of k1 is zero, the free length of k2 is l1, while the free
length of k3 depends on the anchor point.

Figure 3. Slider-crank mechanism with three translational springs, two of which are connected to
sliders so that their movement is purely along one axis. l1 is the crank length, l2 is the rocker arm
link length.

When neglecting friction forces, the principle of virtual work gives:

δL = 0 → ∑i δLi = ∑i Fi · δxi = 0 (7)

where Fi is the i-th force applied to the mechanism, δxi is the associated virtual displace-
ment, and δLi the related virtual work. From the mechanism configuration of Figure 3 and
(7) it is found that:

F · δx − k3x · δx − k1s1 · δs1 − k2s2 · δs2 = 0 (8)
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where:
s1 = l1 sin θ → δs1 = l1 cos θ · δθ

s2 = l1(1 − cos θ) → δs2 = l1 sin θ · δθ
(9)

Substituting s1, s2, and their differentials in (8) results in:

(F − k3x)δx −
(

k1l2
1 sin θ cos θ + k2l2

1(1 − cos θ) sin θ
)

δθ = 0 (10)

It is possible to calculate the magnitude of the force F that is balanced by the springs in
each configuration of the mechanism starting from the speed ratios of the slider-crank mech-
anism:

τθx =

.
θ
.
x
=

cos(α)
l1 sin(α + θ)

=
δθ

δx
, ταx =

.
α
.
x
=

cos(θ)
l1 sin(α + θ)

=
δα

δx
(11)

and using them in (10), which results in:

F = k3x +
k1l1 sin θ cos θ cos α + k2l1(1 − cos θ) sin θ cos α

sin(α + θ)
(12)

This equation is only a function of the variable x, since α and θ can be written as:

θ = arccos
(

l2
1+(l1+l2−x)2−l2

2
2l1(l1+l2−x)

)
α = arcsin

(
l1
l2

sin θ
) (13)

Starting from (12) it is possible to obtain different behaviors of the mechanism by
changing the stiffnesses of springs and link lengths. As an example, in Figure 4 two
configurations are shown: to the left only the springs k1 and k2 are used, while to the right
only k1 and k3 are used. In the first case the mechanism can withstand higher forces with
the increase of x, whereas in the second case the opposite happens.

Figure 4. Variation of the force necessary to maintain the mechanism in static equilibrium as a
function of x. (a) Only k1 and k2 are used (k1 =1500 N/m, k2 = 3000 N/m). (b) Only k1 and k3 are
used (k1 = 1500 N/m, k3 = 150 N/m).

It is important to notice that the force F results in a finite value when the mechanism is
close to the TDC configuration, and this force is a function of k1 only, i.e., (12) when x → 0
and using (13) becomes:

lim
x→0

F = k1
l1l2

l1 + l2
(14)

In sum, both progressive and regressive forces as a function of the slider displacement
can be obtained with the proposed mechanism and layout, together with a finite value force
for configurations close to the TDC. These last two are precisely the ingredients necessary
to build a system capable of reducing the cutting forces when the deburring height exceeds
a given threshold. Indeed, during deburring the grinding wheel has to remove a certain
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amount of material, while preserving the structural integrity of the robot. The mechanism
is able to withstand a certain deburring force (finite value around the TDC). When this
threshold is exceeded, the mechanism becomes compliant (with regressive curve), thus
reducing the cutting forces.

3.2. Final Mechanism

The mechanism proposed in Section 3.1, although theoretically suitable for the target
application, is difficult to build. In particular, it would be quite impractical to include
sliders at the at the anchor points with the frame, in order to keep the springs aligned
with the reference axes. Therefore, a new mechanism is proposed with the springs fixed at
some distance from the crank fixed hinge (Figure 5). Even with this modification, the basic
principles described in Section 3.1 hold valid.

Figure 5. Slider-crank mechanism with translational springs connected to fixed ends (a). Two
particulars of the mechanism are shown in the right figure (b).

Additionally, in this modified design, the springs are unloaded when the mechanism
is close to the TDC ( x → 0). The principle of virtual work is to be applied in the same
way as in (7), but the virtual displacements of k1 and k2 (s1 and s2, respectively) have to be
modified according to the new mechanism. Starting from the dimensions of Figure 5, the
spring displacements are:

s1 =
√

l2
1 + d2 − 2l1d cos(γ1 + θ)−

√
(a − l1)

2 + c2

s2 =
√

l2
1 + b2 −

√
l2
1 + b2 − 2l1b sin(θ)

(15)

where d is the distance between the anchor point of k1 and the crank hinge, and γ1 is the
angle of the vector crank hinge-anchor point with respect to the x-axis:

d =
√

a2 + c2, γ1 = atan
( c

a

)
(16)

The differentials of s1 and s2 can be calculated as:

δs1 = ∂s1
∂θ · δθ = l1d sin(γ1+θ)√

l2
1+d2−2l1d cos(γ1+θ)

· δθ

δs2 = ∂s2
∂θ · δθ = l1b cos(θ)√

l2
1+b2−2l1b sin(θ)

· δθ
(17)

As a result, the force F at the slider becomes:

F = k3x +

⎛⎝k1s1
l1d sin(γ1 + θ)√

l2
1 + d2 − 2l1d cos(γ1 + θ)

+ k2s2
l1b cos(θ)√

l2
1 + b2 − 2l1b sin(θ)

⎞⎠τθx (18)
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The expression (18) for x → 0 simplifies to:

lim
x→0

F =
k1l1l2c2(b2 + l2

1
)
+ k2l1l2b2

(
(a − l1)

2 + c2
)

(l1 + l2)
(
(a − l1)

2 + c2
)(

b2 + l2
1
) (19)

Differently from (14), which depends on k1 only, (19) depends both on k1 and k2.
Similarly to the mechanism of Figure 3, the new mechanism behaviour depends on its
main dimensions. Nevertheless, in this case also the dimensions a, b, and c have a great
impact on F. As an example, two different mechanisms are shown in Figure 6, whose
main parameters are listed in Table 1. Similarly to the mechanism presented in Section 3.1.,
both progressive and regressive forces as a function of the x displacement can be obtained,
with a finite value of the force around the TDC. The regressive curve is preferred for the
application at hand since it is related to lower cutting forces.

(a) (b) 

Figure 6. Variation of the force necessary to maintain the mechanism in static equilibrium as a
function of x. ((a) Mechanism #1, (b) Mechanism #2).

Table 1. Main mechanism parameters.

Parameter Mechanism #1 Mechanism #2

l1 0.15 m
l2 [0.15, 0.2, 0.3, 0.4] m
a 0.05 m 0.14 m
b 0.15 m 0.03 m
c 0.05 m
k1 1500 N/m
k2 3000 N/m 0
k3 200 N/m 0

4. Design

In normal cutting conditions, the mechanism should have high stiffness to ensure
high cutting precision. On the other hand, when the burr is too high the mechanism should
exploit its compliance to reduce the cutting forces and, as a consequence, a second cutting
cycle is necessary to completely remove the burr.

The desired regressive behavior of the mechanism is related to its geometrical param-
eters and to the springs stiffness. If the link lengths (l1 and l2) are defined by the scale of
the application (related to the workpiece dimensions and maximum burr height), there are
5 other parameters to be chosen (see Figure 5): k1, k2, k3, a, and b. It is not straightforward
to find a good set of values by trial-and-error, so an optimization algorithm has been used.
The algorithm aims at finding the parameters whose resulting mechanism forces F fit a
desired (regressive) curve.
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In this work the desired force profile is set to F = 150 − 300x [N] (blue dotted line in
Figure 7) with l1 = 0.15 m and l2 = 0.3 m. The fmincon MATLAB function has been used to
find the optimal parameters that minimize the error between the actual and desired force
profiles. The optimization algorithm yields the values listed in Table 2. It is worth to notice
from Figure 7 that the system is stable: the normal component of the deburring force (Fb)
decreases with x faster than the elastic force on the slider (F):

∂Fb
∂x

<
∂F
∂x

(20)

Figure 7. The optimization algorithm finds the mechanism parameters whose F(x) (red line) fits at
best the objective curve (blue dotted line). Black line shows how Fb(x) decreases with the movement
of the mechanism (with h = 5 mm).

Table 2. Parameters computed by the optimization algorithm.

k1 k2 k3 a b

1560 N/m 47 N/m ≈0 N/m 0.14 m 0.028 m

The black line of Figure 7 is the deburring force (normal component, as discussed in
Section 2). This curve moves to the right for higher burr heights (with higher cutting forces
for x = 0), and vice versa. The intersection between this line and the optimized curve
(red line in figure) yields the equilibrium point, i.e., the x value at which the mechanism
moves to balance the deburring force and the elastic force of the mechanism. For very
low values of h the black line does not intersect the optimized curve, so the mechanism
does not move. In this case, a precision cut is ensured, with cutting forces below the force
threshold that activates the mechanism compliance. For the parameters of Table 2 and
Figure 7 (see Table 3 in Section 5.3 for the complete list of parameters) the burr height (steel)
that activates the mechanism compliance is 2.5 mm.
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Table 3. Simulation parameters.

Parameter Value

bw 1 * 10−3 m
va 15 * 10−3 m/s

u (steel) 30 * 109 J/m3

ω 100 rad/s
R 0.1 m
μ 0.75

ceq 2000 Ns/m
k1 1560 N/m
k2 47 N/m
k3 0 N/m
a 0.14 m
b 0.028 m
c 0.05 m
l1 0.15 m
l2 0.3 m
m 30 kg
mr 1.0 kg
mc 0.5 kg

kstop 107 N/m
xstop = x0 3 * 10−4 m

x1 0 m
h0 0 Ns/m
h1 104 Ns/m

It is important to notice that it is possible to perform the optimization starting from
a different desired force curve and, in particular, different force thresholds can be set
depending on the application. This will result in a different set of springs and anchor points.

From a mechanical point of view, it is important to include a mechanical end stop for
the slider to avoid possible changes in configuration of the slider-crank (i.e., to keep the
rocker arm link always above the slider axis) and to avoid that the mechanism works in the
TDC. Indeed, the mechanism is designed to work near the TDC, where it can generate a
finite elastic force, but not exactly in the TDC, which could be dangerous for the structural
integrity of the mechanism if the burr height is very large. The detailed model of the end
stop will be presented in Section 5.2.

5. Dynamic Analysis

5.1. Dynamic Model

The proposed mechanism has one degree of freedom and can thus be modeled us-
ing a single equivalent mass m∗ that is excited via a single equivalent force F∗. The
equivalent mass and force clearly depend on the mechanism configuration (x) and on its
main parameters.

The equations of motion are obtained by recalling that the power equals the derivative
of the kinetic energy:

P =
dEk
dt

(21)

Since friction between the members of the mechanism and their potential energy can
be neglected. The kinetic energy of the equivalent mass equals by definition the kinetic
energy of all the members of the mechanism:

Ek =
1
2

m∗ .
x2

=
1
2

(
m

.
x2

+ mr

( .
x2

Gr +
.
y2

Gr

)
+ Ir

.
α

2
+ mc

( .
x2

Gc +
.
y2

Gc

)
+ Ic

.
θ

2
)

(22)

where
.
x is the velocity of the equivalent mass (equal to the one of the slider); m is the

mass of the slider (included the spindle and the grinding wheel); mr, Ir,
.
xGr,

.
yGr are the
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mass, barycentric moment of inertia, barycenter velocity along the x axis, and barycenter
velocity along the y axis of the rocker arm link, respectively; mc, Ic,

.
xGr,

.
yGr are the mass,

barycentric moment of inertia, barycenter velocity along the x axis, and barycenter velocity
along the y axis of the crank, respectively. The coordinates of the centers of mass of the
rocker arm link and of the crank are (respectively):{

xGr
yGr

}
=

{
x + l2

2 cos(α)
l2
2 sin(α)

}
,
{

xGc
yGc

}
=

{
l1 + l2 − l1

2 cos(θ)
l1
2 sin(θ)

}
(23)

The corresponding velocities are:{ .
xGr.
yGr

}
=

{ .
x − l2

2 sin(α)
.
α

l2
2 cos(α)

.
α

}
,
{ .

xGc.
yGc

}
=

{
l1
2 sin(θ)

.
θ

l1
2 cos(θ)

.
θ

}
(24)

By introducing (24) and the speed ratios of (11), the final form of (22) is:

1
2 m∗ .

x2
= 1

2

(
m + mr

(
1 + l2

2
4 τ2

αx − l2 sin(α)ταx

)
+ Irτ2

αx + mc

(
l2
1
4 τ2

θx

)
+Icτ2

θx
) .
x2

(25)

The power P of F∗ can be calculated from the deburring force and the springs forces:

P = F∗ .
x = −(k1s1)

.
s1 − (k2s2)

.
s2 − (k3x)

.
x − (ceq

.
x
) .
x + Fb

.
x (26)

in which the force of a damper to be connected in parallel to spring k3 (with damping ceq)
is introduced in order to avoid undesired vibrations.

The equation of motion is found by differentiating (25) and putting it equal to (26):

m∗ ..
x + 1

2

((
2Ir +

l2
2
2 mr

)
ταx

.
ταx +

(
2Ic +

l2
1
2 mc

)
τθx

.
τθx

−mrl2
(
ταx α . cos(α) +

.
ταx sin(α)

)) .
x2

= F∗ .
x

(27)

The differential Equation (27) is implemented and solved numerically in MATLAB for
different working scenarios. The simulation results and the simulation parameters used
are presented in Section 5.

5.2. Mechanical Stop Model

To avoid the singular configuration at the TDC and changes in the mechanism config-
uration, a mechanical stop has been introduced. The mechanical stop should be made of
soft material to reduce unnecessary shocks to the mechanism structure. The mechanical
stop is modeled as a one degree of freedom system that is activated as soon as xsup < xstop,
in which xsup is the coordinate of the surface of the slider and xstop is the coordinate of the
mechanical stop when the slider is not in contact with it (see Figure 8).
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Figure 8. Model of the mechanical stop of the mechanism.

The force transferred by the mechanical stop to the mechanism is:

Fstop = kstop
(
xsup − x0

)e
+ f
(

xsup, x0, h0, x1, h1
) .

x (28)

where:

• kstop is the stiffness of the mechanical stop;
• xsup is the coordinate of the surface of the slider that impacts the mechanical stop;
• x0 (=xstop) and x1 are the coordinates of the limits of the mechanical stop;
• e is the exponent in (28), which is null in the case of the Kelvin-Voigt model;
• h0 and h1 are the limits of the function f .

Function f is described by a polynomial function, whose normalized shape is shown
in Figure 9:

f
(

xsup, x0, h0, x1, h1
)
=

⎧⎨⎩
h0
h0 + aΔ2(3 − 2Δ)
h1

xsup ≥ x0
x1 ≤ xsup ≤ x0
xsup ≤ x1

(29)

where:
a = h1 − h0 , Δ =

xsup − x0

x1 − x0
(30)
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Figure 9. Normalized shape of function f (29).

5.3. Simulation Results

In this section the results of the dynamic simulations of the proposed system in
different working conditions are presented. The main aim of the simulations is to ver-
ify that the mechanism works properly and, in particular, it is important to check the
following conditions:

1. If the projection of the cutting force along the sliding direction is less than the elastic
force threshold of the mechanism, then the grinding wheel support should not move.
This happens for small burr heights. With the considered setup (specified in Table 3),
the elastic force threshold of the mechanism, which is equal to the elastic reaction
force for x → 0 , is 149.01 N). This force threshold corresponds to a burr height of
2.5 mm with the considered setup.

2. If the projection of the cutting force along the sliding direction exceeds the elastic
force threshold, the grinding wheel support should move backwards according to the
compliance of the mechanism and the dynamics of (27); moreover, for a constant burr
height, an equilibrium condition should be achieved (after a transient) between the
cutting force projection and the elastic reaction force and, therefore, a cut profile with
constant height should be obtained.

3. If the burr height decreases, the compliant mechanism should move forward, and
return towards the TDC. This condition is very important since it assures the stability
of the system. Of course, even if the burr becomes very small, the mechanism can
never reach the TDC due to the mechanical stop.

Condition 1 assures the cutting precision of the system, if the cutting force (and
the burr height) is below a given threshold. Condition 2 assures that the mechanism is
compliant if the cutting forces are too high, so that they are reduced to an acceptable
value; nevertheless, the cutting precision is jeopardized and an additional cutting cycle is
necessary to completely remove the burr. Condition 3 assures that the mechanism returns
back (up to the initial configuration) if the burr height decreases.

In the simulations the parameters listed in Table 3 are used. A steel burr is considered
with μ = 0.75 [31]. The mechanical stop has been modeled as discussed in Section 5.2.

Different burr profiles are used as an input to simulations. The outputs of simulations
are the position x (directly related to the cut profile) and velocity

.
x of the grinding wheel

support as a function of time. In order to verify the conditions 1–3, simulations are carried
out with step variations of burr height. Between different steps the burr height is constant
in order to verify that an equilibrium condition (cut profile with constant height) is obtained
after an initial transient. Different test cases with different profiles of step burr height
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are analyzed as detailed below (Sections 5.3.1–5.3.5). Finally, this study will include a
simulation in which the burr height is defined by a random function (Section 5.3.6).

The dynamic simulations start (for t = 0 s) with the grinding wheel support in contact
with the mechanical stop. For this reason, the position x is 0.3 mm for t = 0 s in all the
simulations performed, which corresponds to the position of the mechanical stop. This
means that the mechanism initial configuration is very near to the TDC. Due to the initial
length of the springs, a small elastic force is present that presses the grinding wheel support
against the mechanical stop.

5.3.1. Test Case 1—1-Step Profile

A 1-step burr profile with a constant height (h = 5 mm, see solid line in Figure 10
(top)) is used as an input for the dynamic simulation. The burr height is sufficiently high
to make the projection of the cutting force along the sliding direction exceed the elastic
force threshold of the mechanism (dashed line in Figure 10). The simulation results, i.e.,
the position and velocity of the grinding wheel support in function of time, are presented
in Figure 10 (middle and bottom). From the analysis of Figure 10, it can be noticed that the
grinding wheel support moves backwards (positive values of x) thanks to the compliance
of the mechanism; moreover, an equilibrium condition is achieved (after a transient of
about 0.25 s with a small overshoot) between the cutting force projection and the elastic
reaction force and, therefore, a cut profile with constant height is obtained. Therefore,
the simulation results for this test case are in line with what was expected in this case
(Condition 2 of Section 5.3). The burr height, initially equal to 5 mm, after processing is
about 2.5 mm. This means that a second cutting cycle is necessary to completely remove
the burr. The maximum (normal) deburring force reduces to 148 N from the nominal value
of 300 N (corresponding to the nominal height of 5 mm), i.e., roughly a 50% (automatic)
force reduction is obtained, which is related to the 50% reduction of the cutting height (2.5
instead of 5 mm).

Figure 10. Step burr profile (h = 5 mm, top); position (middle) and velocity (bottom) of the grinding
wheel support.

5.3.2. Test Case 2—3-Steps Burr Profile “Low–Low–High”

A 3-steps burr profile “low–low–high” (see Figure 11 (top)) is used as an input for the
dynamic simulation. “Low”/”high” means that the burr height is not/is sufficiently high
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to make the projection of the cutting force along the sliding direction exceed the elastic force
threshold of the mechanism. In this test case, steps with increasing height are investigated.
In the first two steps the cutting force is below the elastic force threshold, whereas in the
third step the cutting force is sufficiently high (above the threshold) to make the mechanism
work in the compliant mode of operation. The simulation results are presented in Figure 11
(middle and bottom). It can be noticed that the grinding wheel support does not move
while the first two steps are processed (precision cut), and it moves backwards thanks
to the compliance of the mechanism while the third step is processed. Similarly to the
previous test case, an equilibrium condition is achieved (after a transient of about 0.3 s
after the beginning of step 3) and a cut profile with constant height is obtained for step
3, as it can be noticed in Figure 11. Additionally, in this test case the simulation results
confirm the expected dynamic behavior of the system: the grinding wheel support moves
backward only when the cutting force projection exceeds the elastic force threshold, and
when this happens a constant cut profile is obtained, after an initial transient (Condition
1 and Condition 2 of Section 5.3). From another point of view, for small burr heights the
mechanism is (ideally) infinitely stiff, whereas it becomes compliant for high burr heights.
Some small oscillations can be noticed when the burr height changes value but is not
sufficiently high to allow the mechanism to work in the compliant mode (i.e., the grinding
wheel support does not move and the cutting precision is ensured). This is due to the
presence of the mechanical stop, which is not infinitely stiff. Nevertheless, this effect causes
a negligible effect on the grinding wheel position, as it can be noticed in Figure 11 (middle).
The maximum (normal) deburring force reduces again to 148 N from the nominal value
of 240 N (corresponding to the nominal height of 4 mm), i.e., roughly a 38% (automatic)
force reduction is obtained, which is related to the 38% reduction of the cutting height (2.5
instead of 4 mm).

Figure 11. Three-steps burr profile (“low–low–high” (top)); position (middle) and velocity (bottom)
of the grinding wheel support.

5.3.3. Test Case 3—3-Steps Burr Profile “High–High–High”

A 3-steps burr profile “high–high–high” (see Figure 12 (top)) is used as an input for
the dynamic simulation. Similarly to the previous test case, 3 steps with increasing height
are investigated. Differently with respect to the previous test case, in this case, for all the 3
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steps the cutting force is sufficiently high to make the mechanism work in the compliant
mode of operation. The aim of this test case is to verify that, when it passes from one
step to another, the system moves from an equilibrium condition to a new equilibrium
condition. The simulation results are presented in Figure 12 (middle and bottom). It can be
noticed that, at each step, the grinding wheel moves backwards thanks to the compliance
of the mechanism. Three different equilibrium conditions are achieved (after a transient of
about 0.25 s each time) with increasing height of the residual burr and, inside each step,
a cut profile with constant height is obtained (after the transient), as it can be noticed in
Figure 12. The simulation results of this test case confirm the expected dynamic behavior
of the system: each time that the system encounters a higher step, it moves to a new
equilibrium condition with a higher height of residual burr (in particular, Condition 2 of
Section 5.3 is satisfied for all the 3 steps). The maximum (normal) deburring force reduces
to 147.3 N from the nominal value of 360 N (corresponding to the nominal height of 6 mm),
i.e., roughly a 60% (automatic) force reduction is obtained, which is related to the 60%
reduction of the cutting height (2.5 instead of 6 mm).

Figure 12. Three-steps burr profile (“high–high–high” (top)); position (middle) and velocity (bottom)
of the grinding wheel support.

5.3.4. Test Case 4—3-Steps Burr Profile “High–Highest–High”

A 3-steps burr profile “high–highest–high” (see Figure 13 (top)) is used as an input
for the dynamic simulation. The burr height is h = 4 mm in the first step, then it becomes
h = 6 mm in the second step, and finally it returns to h = 4 mm in the third step. In all
the three steps the burr height is sufficiently high to make the mechanism work in the
compliant mode of operation. The main aim of this test case is to verify that, if the burr
height decreases, the compliant mechanism moves forward and returns towards the TDC,
as specified in Condition 3 of Section 5.3. The simulation results are presented in Figure 13
(middle and bottom). It can be noticed that, during the first two steps, the grinding
wheel moves backwards thanks to the compliance of the mechanism, and two different
equilibrium conditions are achieved with increasing height of the residual burr. Moreover,
in the third step, the compliant mechanism moves forward and rapidly returns towards the
TDC. In this step, a new equilibrium condition is obtained, with the same height of residual
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burr as in the step 1 (as expected, since the burr height is equal in steps 1 and 3). Therefore,
the mechanism works properly and, in particular, Condition 3 of Section 5.3 is satisfied.

Figure 13. Three-steps burr profile (“high–highest–high” (top)); position (middle) and velocity
(bottom) of the grinding wheel support.

5.3.5. Test Case 5—3-Steps Burr Profile “High–Low–High”

A 3-steps burr profile “high–low–high” (see Figure 14 (top)) is used as an input for the
dynamic simulation. In the first and third step the burr height is sufficiently high to make
the mechanism work in the compliant mode of operation, whereas in the second step the
burr height is sufficiently low to generate a cutting force projection below the elastic force
threshold. The main aim of this test case is to verify that, when the burr height decreases
and generates a cutting force projection below the elastic force threshold, the mechanism
returns in the initial configuration, i.e., with the grinding wheel support in contact with the
mechanical stop. The simulation results are presented in Figure 14 (middle and bottom). It
can be noticed that, during the first step, the grinding wheel moves backwards thanks to
the compliance of the mechanism, and an equilibrium condition is achieved with a certain
height of the residual burr. In the second step, the compliant mechanism moves forward
and rapidly returns towards the TDC (Condition 3 of Section 5.3 is satisfied). Since the
cutting force projection is below the elastic force threshold, the mechanism would tend to
go to the TDC, but due the mechanical stop this is not possible. Indeed, an impact between
the grinding wheel support and the mechanical stop takes place, as it can be noticed in
Figure 14, in which small bounces are reported after t = 1.5 s. Of course, the amplitude
and damping of these bounces depend on the dynamic parameters of the mechanism
(masses, inertias, springs stiffness, and damping) and on the characteristics (stiffness and
damping) of the mechanical stop. After the bounces, the mechanism remains in the initial
configuration (x is about 0.3 mm, as it can be noticed in Figure 14), up to the beginning
of the third step. Finally, in the third step, a new equilibrium condition is obtained, with
a height of residual burr higher than in the first step (as expected, since the burr height
is higher).
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Figure 14. Three-steps burr profile (“high–low–high” (top)); position (middle) and velocity (bottom)
of the grinding wheel support.

5.3.6. Test Case 6—Generic Burr Profile

A set of generic burr profiles have been generated using a random variation of burr
height in order to test the mechanism in more realistic scenarios. The random burr profiles
are then used as an input for the dynamic simulations. Random profiles have been
generated starting from the power spectral density (PSD) of the random process [33].
The three most common shapes for the noise have been assumed, namely white noise (flat
PSD), flicker-noise (PSD with slope -1 in a log-log diagram), and random-walk noise (PSD
with slope-2). The latter is usually adopted when it come to the roughness of road surfaces
(ISO 8608:2016). The shape of the PSD is related to the frequency distribution of the profile,
while the area under the PSD is related to the RMS (squared) of the random profile. It has
been assumed that the profiles, which are generated with a frequency of 1000 Hz, have
RMS between 1 and 4 mm.

A random burr profile using a PSD slope of −2 and a RMS of 2.5 mm and the related
simulation results are presented in Figure 15. It can be noticed that the proposed mechanism
performs well also for a generic burr profile. In particular, the compliance of the mechanism
is exploited to reduce the cutting forces and, as a consequence, a second cutting cycle is
necessary to completely remove the burr (see Figure 16). Similarly to the Test case 5
(Section 5.3.5) small bounces on the mechanical stop are visible in the middle plot of both
Figure 15; Figure 16 (for example after t = 0.55 s, after t = 1.9 s, etc.). From the analysis
of Figure 16, it can be noticed that after the second cutting cycle a very high precision is
ensured: most of the burr profile is at 2.85 * 10−4 mm that is the equilibrium position of
the mechanical stop, and very small variations (<1 * 10−5 m) with respect to this value are
present. Indeed, in the second cutting cycle the grinding wheel support is always in contact
with the mechanical stop, and the small variations in the burr profile are due to the (low)
compliance of the mechanical stop. In this case the compliance of the mechanism is not
exploited, since the maximum burr height is below 2.5 mm, which is the minimum burr
height that is necessary to make the mechanism work in the compliant mode, as explained
in Section 5.3. Very similar conclusions can be drawn when other values of PSD slope and
RMS are used (as above specified).
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Figure 15. Generic burr profile, first cutting cycle (top); position (middle) and velocity (bottom) of
the grinding wheel support.

Figure 16. Generic burr profile, second cutting cycle (top); position (middle) and velocity (bottom)
of the grinding wheel support. Please notice that the scale of these graphs are the same of Figure 15
for comparison purposes.

6. Conclusions

A mechanism has been designed to be used in robotic deburring to ensure a precision
cut and to reduce cutting forces and avoid breaks of the robot/spindle in the case of high
and irregular burr profiles. The mechanism is based on a classic slider-crank, which is
provided with springs in order to give the desired force-displacement response. In the event
that the burr is too high, it exploits its compliance to reduce the cutting forces automatically,
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and is able to return to the baseline configuration when the burr thickness is acceptable
again. After the specification of the desired stiffness curve, the main design parameters of
the system have been derived thanks to an optimization method. The effectiveness of the
proposed mechanism is verified by means of dynamic simulations using selected test cases.
The simulations showed that, when the compliance of the mechanism is exploited to reduce
the cutting forces, a second cutting cycle is necessary to completely remove the burr and
ensure a high cutting precision. With the dataset considered, the (normal) deburring forces
remain always below 150 N thanks to the design of the mechanism, even if the burr height
would generate nominal forces much larger. This has been shown both with basic profiles,
such as steps, and with more realistic random profiles, thus ensuring cutting without the
risk of damaging the cutting tool. A limitation of the present work is the fact that the
proposed system needs to be validated experimentally, paying particular attention to the
vibrations induced due to the cutting operation, which could make it necessary to improve
the design. The experimental validation of the proposed mechanism and the development
of a dynamic model that includes the manipulator model will be part of future work.
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Abstract: Researchers often deal with the synthesis of the kinematic structure of a robotic manipulator
to determine the optimal manipulator for a given task. This approach can lower the cost of the
manipulator and allow it to achieve poses that might be unreachable by universal manipulators in an
existing constrained environment. Numerical methods are broadly used to find the optimum design
but they often require an estimated initial kinematic structure as input, especially if local-optimum-
search algorithms are used. This paper presents four different algorithms for such an estimation
using the standard Denavit–Hartenberg convention. Two of the algorithms are able to reach a given
position and the other two can reach both position and orientation using Bézier splines approximation
and vector algebra. The results are demonstrated with three chosen example poses and are evaluated
by measuring manipulability and the total link length of the final kinematic structures.

Keywords: manipulator design; robot kinematics; synthesis of kinematic structure

1. Introduction

Nowadays, manufacturing industry, the most common type of robotic manipulator
has six serial axes (degrees of freedom—DoFs) that are arranged in a so-called universal
kinematic structure, e.g., the robots of ABB, KUKA, Fanuc, Yaskawa, and many others. In a
very simplified way, the typical process for the deployment of a robot is to analyse the
manufacturing process and workplace area first, followed by the choosing of a universal
robotic manipulator and simulating the process. If the manipulator can reach the desired
poses and fulfil the given task, further deployment can be considered.

However, using this universal kinematic structure is not always necessary, when a
manipulator with fewer axes is suitable to perform the given task, or even possible, if the
universal manipulator can face unavoidable collisions in an already existing environment.
Additionally, they might not fulfil the desireed advanced operation conditions, such as
manipulability [1] and kinematic reliability [2]. Therefore, researchers are focused on the
topic of the synthesis of the kinematic structure of manipulators, which means finding
such a kinematic structure that is optimal for a given task. This approach of deployment of
highly customised manipulators may lead to benefits like lowered energy consumption,
accelerated manufacturing process cycles, or deploying manipulators in highly dense-built
workplaces. An example of such a general structure is presented by Brandstötter et al., who
delivered the so-called curved manipulator (CuMa) [3] with possible modifications of its
structure during the operational process [4]. This is achieved by changing the temperature
in the links so they become flexible. A different approach to a deformable manipulator was
taken by Xu et al. [5], where the links are composed of a few components and it is possible
to change the orientation between them. Clark et al. [6] uses air pressure to change the
kinematic structure of the presented malleable robot. The custom design of manipulators is
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desired not only in the manufacturing industry, but for example, in healthcare for helping
with human upper limb rehabilitation [7] and shoulder joint rehabilitation [8].

There are two approaches to the synthesis of the kinematic structure of a manipulator.
Analytically, it was solved by Hauenstein et al. [9] in the synthesis of three-revolute spacial
chain for five poses. However, once a path becomes more complex and requires more
degrees of freedom (more manipulator axes), the numerical approach is applied utilising
optimisation algorithms. Among them, evolutionary robotics with genetic algorithms (GA)
are probably the most common. Chocron et al. [10] used an adaptive multi-chromosome
evolutionary algorithm to build a modular manipulator. Furthermore, GA can be used to
build a manipulator from adaptive modules to perform a desired task [11]. Pastor et al. [12]
compared straight, rounded, and curved mechanism links synthesised using GA. Val-
samos et al. created so-called pseudo-joints (links which can be modified) and proposed
a GA that tries to find the kinematic structure with the best manipulability [13]. It was
later verified in an experiment with a real manipulator [14]. The synthesis of a parallel
manipulator is addressed in [15]. As an example of non-industrial application, the work by
Zeiaee et al. [16] deals with the optimisation of an eight-DoFs upper-limb exoskeleton.

In addition to GAs, the global optimum of an objective function can be searched with
Simulated Annealing algorithm [17] or by a heuristic-guided tree search algorithm [18].
Another numerical method for finding the optimal manipulator for a given task is to search
for a local minimum of an objective function. To solve this, a nonlinear programming
(NLP) can be used, as it was implemented by Dogra et al. [19] for the design of a modular
manipulator. In the paper, an optimal kinematic structure was proposed based on the
minimisation of the joint torques. Another usage of NLP is trying to find an optimal design
minimizing the path length in joint space [20].

The results of the already described papers [19,20] seem promising in their application
of nonlinear programming to solve task-based custom manipulator design, however, there
is one unanswered question in their work. In general, nonlinear programming tradition-
ally requires that a starting point is given as part of the problem data, and comparative
numerical testing is done using these traditional starting points [21]. In the case of robotic
manipulators, if there is a given random path for a robotic manipulator, how should the
starting point (initial values, initial estimation) of its kinematic structure look like?

The work [19] mentions a set of input values without any detailed explanation of how
those values were determined. In [20], eight initial seeds are applied, but they are random
values, which might be a cause of why no solution was found at all in some cases. In [17],
they searched for a global optimum; however, the input values are also random, which may
extend the time of solving the objective function. Even in a book by Ghafil et al. [22] which
serves as an introduction to the optimisation of kinematic structures, the initial values for
all described methods are obtained randomly without any detailed discussion. Therefore,
a possible answer to the previously stated question will be addressed in this paper using
multiple approaches.

In this paper, a geometric analysis to estimate kinematic structures and related cal-
culations are proposed and discussed. The outcomes may avoid relying on randomness,
which in the case of local-optimum-search algorithms may more frequently lead to conver-
gence, making them reliable but still much faster than global-optimum-search methods.
Moreover, the results can also be used in the previously mentioned algorithms using GAs,
where they can serve as an optional first generation input, and in global-optimum-search
algorithms, where they can reduce the time needed for the optimisation. In addition to
that, the procedure may serve as an input for other custom manipulator design challenges
such as collision avoidance [23].

A Denavit–Hartenberg notation [24] (standard DH parameters) was applied in the
presented algorithms to obtain a general kinematic structure of a robot. The DH parameters
were widely used, however, they also bring some disadvantages in the case of general
structures. These are discussed later. Some algorithms behind the automatic placement of
DH parameters have already been presented. In [25], a vector-algebra is applied to extract
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the parameters. Corke [26] creates a string of elementary translations and rotations from
the user-defined base coordinate to the end-effector and factorises the string afterwards.
An approach by Rajeevlochana et al. [27] is using line geometry to obtain the parameters.
In addition to that, some researchers proposed their algorithms and they also identified
(and verified) the DH parameters with an external sensor device in simulation [28] or
experiments [29]. However, all of these algorithms were applied to already existing robots
or similar devices. On the other hand, the algorithms presented in this paper are here
to determine and “create” a non-existing manipulator (its kinematic structure) that can
achieve a freely given pose.

2. Materials and Methods

When an algorithm is searching for a local minima of a function, the results may
differ upon the choice of initial values. To find the optimal solution for two initial values
with different outcomes, the cost function has to be compared afterwards. More accurate
initial values can lead to fewer iterations that the algorithm needs, which can also save
computing time. In this section, four algorithms of automatic assignment of DH parameters
are presented, so they can serve as initial values for the synthesis of kinematic structure.
The inputs are the position of the base of a robot, its tool-center point (TCP) pose, and the
number of joints.

In this paper, we denote the transformation matrix between two frames as J with
axis vectors and position coordinates as shown in Equation (1). The �n (normal) is the X
axis vector, the�o (orientation) is Y axis vector, the�a (approach) is Z axis vector, and the�t
(translation) is the position coordinate vector of a pose. J is a special Euclidean group of
rigid body displacements in three dimensions (SE3) representing 3D rigid-body motion:

J =

⎡⎢⎢⎣�n �o �a �t

0 0 0 1

⎤⎥⎥⎦ (1)

We also use unit vectors of the X, Y, and Z axes. They are denoted as�i,�j, and�k:

�i =

⎡⎣1
0
0

⎤⎦; �j =

⎡⎣0
1
0

⎤⎦; �k =

⎡⎣0
0
1

⎤⎦ (2)

For visualisation and work with SE3 groups, we used the MATLAB®, and Robotics
Toolbox that was made by P. Corke. It is described in his book [30] and accessible as open
source Github repository [31].

DH parameters are the most suitable and easily applicable technique for kinematic
structures that have parallel or orthogonal axes. The typical procedure is that one has a
robot and places the coordinate frames following the convention [24]. However, what to do
when there is a given pose that is needed to be reached while no robot is chosen yet? This is
the problem for the synthesis of kinematic structure. There is one important issue related to
DH parameters. Between two general poses (right-hand rule following coordinate frames),
it is uncertain if the transformation matrix Ji−1,i from (i − 1)th pose to ith pose can be
achieved following the typical procedure as the multiplication of a rotation matrix of θi
around the zi−1 axis, the translation matrix of di along the zi−1 axis, the translation matrix
of ai along hte xi axis, and the rotation matrix of αi around the xi axis, as shown in the
following equations:

Rot(zi−1, θi) =

⎡⎢⎢⎣
cosθ −sinθ 0 0
sinθ cosθ 0 0

0 0 1 0
0 0 0 1

⎤⎥⎥⎦ (3)
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Trans(zi−1, di) =

⎡⎢⎢⎣
1 0 0 0
0 1 0 0
0 0 1 di
0 0 0 1

⎤⎥⎥⎦ (4)

Trans(xi, ai) =

⎡⎢⎢⎣
1 0 0 ai
0 1 0 0
0 0 1 0
0 0 0 1

⎤⎥⎥⎦ (5)

Rot(xi, αi) =

⎡⎢⎢⎣
1 0 0 0
0 cosα −sinα 0
0 sinα cosα 0
0 0 0 1

⎤⎥⎥⎦ (6)

Ji−1,i = Rot(zi−1, θi)Trans(zi−1, di)Trans(xi, ai)Rot(xi, α) (7)

It is clear that rotation and translation around and along the y axis are missing to
achieve all possible poses. In DH convention, it is mitigated by placing the joint coordinate
frames in a specific way and applying Equation (7), as explained in [24]. However, if there
are two general poses (i − 1)th and ith which do not follow DH convention, it is possible
to find a common perpendicular between their two zi−1 and zi axes. Please see Figure 1.
Rotation around zi−1 to the direction of the perpendicular is θi. di is the distance from the
xi−1 axis to the intersection point P of the perpendicular and zi−1 axis. The distance along
the perpendicular is equal to the ai distance between these two frames. Finally, the rotation
around the xi axis to the direction of zi is αi. If another displacement of di+1 is added and a
rotation θi+1 is applied, the previously unreachable (by four DH parameters) general pose
ith becomes achievable by four DH parameters of (i − 1)th joint and two DH parameters
di+1 and θi+1 of the ith joint. It can also represent an end-effector coordinate frame if the
(i − 1)th joint was the last joint. This approach is presented in detail in [27,29]. For the
following calculations, we enhanced a script made by Brodsky [32] to find a common
perpendicular and intersection points P and Q. This can be found in the Supplementary
Material of this paper.

We used 3 poses to demonstrate the strong and weak points of the four presented
algorithms to synthesise manipulators guiding their end-effector through the given position
or pose, so everyone can choose the right solution for its implementation. They are also
compared in Section 3 by manipulability and arm length. The first pose is a general one.
The second pose is also general, but with a small offset between its Z axis and the Z axis of
the base frame. The third pose has the parallel Z axis with the base Z axis. The poses are
visualised in Figure 2:

Pose(1) =

⎡⎢⎢⎣
−0.50 −0.18 −0.84 −1.0
−0.06 0.98 −0.17 0.9
0.86 −0.02 −0.50 0.8

0 0 0 1

⎤⎥⎥⎦ (8)

Pose(2) =

⎡⎢⎢⎣
0.81 −0.34 −0.46 −0.4
0.48 −0.02 0.87 0.6
−0.30 −0.93 0.14 0.7

0 0 0 1

⎤⎥⎥⎦ (9)

Pose(3) =

⎡⎢⎢⎣
0 1 0 0.4
1 0 0 0.6
0 0 −1 0.7
0 0 0 1

⎤⎥⎥⎦ (10)
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Figure 1. The principle of obtaining DH parameters between two general poses. Standard DH
parameters are green; additional parameters are marked with blue colour.

Figure 2. The poses (red) chosen for the demonstration of the working principle. Base coordinate frame has a black colour.
Pose(1) is on the left, Pose(2) is in the middle, and Pose(3) is on the right.

Two of the four presented algorithms utilised Bézier curves (splines) which are easy
to implement between two given coordinate frames. For the presented calculations, only
four control points are required to define a Bézier curve. We used a script by Bai [33] to
calculate the curve. The control points P1−4 were calculated using the following equations,
where�tb is the base point coordinate,�tp is the pose point coordinate,�ab is the rotational
vector of the Z axis of the base,�ap is the rotational vector of the Z axis of the pose, and p is
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the parameter related to the Euclidean distance between the base and the pose. The Bézier
splines are visualised in Figure 3 for the chosen poses.

P1 =�tb (11)

P2 =�tb + p�ab (12)

P3 =�tp − p�ap (13)

P4 =�tp (14)

p =
||�tp −�tb||

2
(15)

Figure 3. Bézier splines (blue curves) between the poses and base; control points are shown as red circles.

The generated kinematic structures that have served as examples in this paper have
4 joints; however, the presented algorithms are general and can provide a solution from 3 to
an unlimited number of joints. In the following subsections, all 4 procedures are presented.
The types A and B only deal with the position (translational part) of a given pose, so they
do not fulfil the given orientation. However, this might be enough in some cases. The other
two types C and D are able to achieve a pose including orientation using the common
perpendicular approach, but in some specific poses it generates structures with joints in
collision. The A and C types are obtained using vector algebra only, and the B and D types
use Bézier’s curve approximation.

Three variables are input for all presented algorithms. It is the transformation of the
robot base, the transformation of the TCP pose, both with respect to the world coordinate
frame, and the desired number of joints. In our case, the base is an identity matrix. We
used 3 transformations of the poses presented before, and the number of joints is four,
as already said.

60



Appl. Sci. 2021, 11, 3548

2.1. Type A—The Nearest Distance to Achieve a Position

This simple structure is obtained by finding the distance between the poses projected
into the XY base plane. Only a positional vector of a pose is reached while the orientation is
not taken into account. The implementation of such a structure is easy and straightforward.
The idea is presented in Figure 4:

Figure 4. The schematic of type A estimation; the base frame is black, the pose frame is red, and the
end-effector frame is green and does not fulfil the orientation of the pose.

The first step is to find the length of a0..n—the distance between joints in the X axis
direction. The length is the projection of�tp, the pose position vector, in the XY plane of
the base, so only the X and Y coordinates are applied in Equation (16). n is the number
of joints:

a1..n =

√
(�tp,x −�tb,x)2 + (�tp,y −�tb,y)2

n
(16)

Then, find the length of d1—the offset of the joint along the Z axis. Only the Z axis
coordinates of the two position vectors are applied:

d1 =�tp,z −�tb,z (17)

The θ1..n are joint variables, and their offset is set to 0 degrees. The other parameters,
d2..n and α1..n can be set either to zero or they can be freely defined as ±values, for example.
We chose α1 = π/4, α2 = −π/4, etc. One must be careful in the case of an even/odd
number of joints—the sum of such tweaks needs to be equal to zero.

2.2. Type B—Joints on Bézier Curve to Achieve a Position

This method places joints between the base and the pose on a Bézier curve. To be
able to obtain DH parameters, the proposed algorithm is orienting the (i − 1)th joint (its
rotational matrix) in a way that the ith joint lies in the XZ plane of the previous joint.
The schematic is shown in Figure 5:

Using Equations (11)–(15), the Bézier spline is approximated between a given base
and a pose. The number of approximated points is equal to the number of joints n. Q1..n is
the set of these points–coordinates of each point with respect to the base frame.

Let us define a set J1..n of SE3 objects representing the translation and orientation of the
joints in the manipulator’s default position. As a first step, all J1..n are set to be equal to the
given base (in our case, an identity matrix). We also define an SE3 object Jn+1 representing
the given end-effector pose. Now, for joints J2..n, the following procedure is done.
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Figure 5. The schematic of type B estimation; the base frame is black, the pose frame is red, and the
end-effector frame is green and does not fulfil the orientation of the pose. Bézier spline is shown as a
light blue curve.

The ith joint is equal to the previous (i − 1)th joint:

Ji = Ji−1 (18)

The frame Ji is translated on the Bézier curve changing its translation vector�ti:

�ti = Qi (19)

The position vector�ti of Ji is expressed in the coordinate frame of the previous Ji−1
using its inverse matrix:

�t′ i = J−1
i−1

�ti (20)

A projection of the�ti vector in the XY plane of the Ji−1 frame is determined:

�t′′ i = �t′ i −
⎡⎣ 0

0
�t′ i,z

⎤⎦ (21)

The angle θi (DH parameter) between the unit vector �i of the Ji−1 frame and the
projection of the�ti vector is calculated as

θi = tan−1

(
||�i × �t′′ i||
�i · �t′′ i

)
(22)

While using a right-handed coordinate frame, it is necessary to check if an angle is
rotating around an axis in the positive (counter clockwise) or negative (clockwise) direction.
To determine this, we used the projection property of the dot product between the two
vectors. In this case, if the dot product of the Xi axis is in the negative direction of the Yi−1
axis, the angle θi has to be multiplied by −1:

θi =

{
−θi, if�j · �t′′ i < 0
θi, otherwise

(23)

Now, Ji can be updated using the matrix multiplication:

Ji = JiRot(zi−1, θi) (24)
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Thanks to the known translations, i and ai, between the frames (from the Bézier
curve approximation), and the calculated θi, only the angle αi is missing among the DH
parameters. The steps to determine it are similar as in the case of θ. Following the DH
convention, the ith and (i + 1)th frames are involved.

The position vector of Ji+1 on the Bézier curve is given:

�ti+1 = Qi+1 (25)

Position vector �ti+1 of Ji+1 is expressed in the coordinate frame of the currently
determining frame Ji using its inverse matrix:

�t′ i+1 = J−1
i
�ti+1 (26)

A projection of the�ti+1 vector in the YZ plane of the Ji frame is calculated:

�t′′ i+1 = �t′ i+1 −
⎡⎣�t′ i+1,x

0
0

⎤⎦ (27)

The angle αi is between the unit vector�k of the Ji frame and the projection of the�ti+1
vector, calculated as the inverse tangent fraction of the cross and dot products of those
two vectors:

αi = tan−1

(
||�k × �t′′ i+1||
�k · �t′′ i+1

)
(28)

Using a right-hand rule for coordinate frames, if the dot product of the Zi axis is in
the negative direction of the Yi+1 axis, the angle θi has to be multiplied by −1. Yi+1 is
calculated as a cross product of �t′′ i+1 and�i vectors:

αi =

{
−αi, if (�t′′ i+1 ×�i) ·�k < 0
αi, otherwise

(29)

Now, the final form of Ji that fulfils the DH convention between (i − 1)th and ith can
be obtained:

Ji = JiRot(xi, αi) (30)

This procedure works smoothly for all joints. However, it will probably not be possible
to obtain such DH parameters between the last joint Jn and the given pose Jn+1 to reach
the pose with the right orientation. Therefore, this algorithm is extended as the type D
estimation in Section 2.4.

2.3. Type C—Achieving a Pose with Common Perpendicular

This algorithm finds a common perpendicular between the Z axis of the base and the
Z axis of the pose. The joints are placed on this perpendicular line, and the last joint is
oriented in the direction of the Z axis. Both the position and orientation can be achieved
using this approach, as Figure 6 shows.

At first, a common perpendicular and intersection points P and Q are determined
between the Zb and Zp axes using the script made by Brodsky [32]. However, his algorithm
was not providing good results if the 2 lines were parallel, so we enhanced it and added
some functionality to mitigate this issue.

The next step is to calculate the angle αsum between those two axes:

αsum = tan−1
( ||�ab × �ap||

�ab · �ap

)
(31)
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Figure 6. The schematic of the type C estimation; the base frame is black, the pose frame is red, and
the end-effector frame is green and coincident with the pose.

Again, when using a right-handed coordinate system, it is necessary to determine
whether the angle is positive or negative. We check the pose Zi+1 axis as a projection in the
base Yi axis:

αsum =

{
−αsum, if �ob · �ap < 0
αsum, otherwise

(32)

α1..n is the angle between the Z axes of particular joints:

α1..n−1 =
αsum

n − 1
(33)

αn = 0 (34)

Now, we can calculate the rest of the DH parameters. a1..n is the distance between the
joints. l is the length of a common perpendicular, and n is the number of joints:

a1..n−1 =
l

n − 1
(35)

an = 0 (36)

d0 is the distance from the base coordinate frame to the P-intersection point of the �ab and
common perpendicular. dn is the distance from the Q, the intersection point of the �ap and
a common perpendicular, to the pose coordinate frame. dn is also the translation of the
end-effector from the last joint:

d0 = (P − �tb) · �ab (37)

d1..n−1 = 0 (38)

dn = (�tp − Q) · �ap (39)

2.4. Type D—Joints on Bézier Curve while the Last Lies on Common Perpendicular to Achieve
a Pose

This method extends type B estimation by adding a common perpendicular approach,
used in type C, between the two last joints. This assures reaching the pose including orien-
tation, as shown in Figure 7. The beginning steps are the same as in type C, but only from
J1 to Jn−1. The transformation of the last joint is determined using the following procedure.
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Figure 7. The schematic of the type D estimation; the base frame is black, the pose frame is red, the
end-effector frame is green and coincident with the pose. Bézier spline is shown as a light blue curve.

Again, a common perpendicular and the intersection points P and Q are found
between the joint Jn−1 and the TCP pose Jn+1 using the already presented ways. Jn is set
equal to Jn−1:

Jn = Jn−1 (40)

Angle θn between Xn−1 and Xn axes is obtained:

θn = tan−1

(
||�nn−1 × �PQ||
�nn−1 · �PQ

)
(41)

Right-hand rule check is performed:

θn =

{
−θn, if�on−1 · �PQ < 0
θn, otherwise

(42)

Jn is rotated around Zn−1 axis afterwards:

Jn = JnRot(zn−1, θn) (43)

Translation of the Jn along the Zn and Xn is obtained by changing its translational
vector �tn, and it is equal to the coordinates of point Q:

�tn = Q (44)

Angle αn between Zn and Zn+1 axes is calculated:

αn = tan−1
( ||�an ×�an+1||

�an ·�an+1

)
(45)

Right-hand rule check, if the dot product of Zi+1 axis is in the positive direction of the
Yi axis, the angle αn has to be multiplied by −1:

αn =

{
−αn, if �on ·�an+1 > 0
αn, otherwise

(46)

The final transformation matrix of the last joint Jn is obtained:

Jn = JnRot(xn, αn) (47)
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From this point, when all frames J1..n representing the joints are known, it is possible
to derive the DH parameters between them.

3. Results

This section presents the kinematic structures generated by the presented algorithms
for the three poses defined earlier (Figure 2). The results are discussed and later compared
by manipulability measure and manipulator length. A table with calculated DH parameters
is also included. The visualisation of the final kinematic structures is shown in Figures 8–10.

The types of estimation A and B are not able to reach a pose in terms of orientation
in general; however, in some cases (as shown in Figure 10b) the real solution was found
for the type B. In addition, if compared with a similar D result (Figure 10d) for Pose(3),
solution B provides shorter links. Furthermore, the A and B types are generated in a way
where no collision of joints should occur.

(a) (b)

(c) (d)

Figure 8. Initial estimation results for Pose (1): (a) type A estimation; (b) type B estimation; (c) type C estimation; and (d)
type D estimation.

The type C may perform very well if the Z axes of the base and pose are parallel,
as shown in Figure 10c; on the other hand, if the axes are very close to each other (the
perpendicular distance is short), the joints are in collision, as shown in Figure 9c.
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Placing joints on an approximated spline provides the most general result of the
provided algorithms, as shown in Figures 8d and 9d, but it is struggling with parallel
axes—see Figure 10d. This could be mitigated by tuning the Bézier curve driven point
related to the pose and placing the joints not in a plane that is defined by the two parallel
Z axes.

(a) (b)

(c) (d)

Figure 9. Initial estimation results for Pose (2): (a) type A estimation; (b) type B estimation; (c) type C estimation; and (d)
type D estimation.
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(a) (b)

(c) (d)

Figure 10. Initial estimation results for Pose (3): (a) type A estimation; (b) type B estimation; (c) type C estimation; and (d)
type D estimation.

3.1. Resulting DH Parameters

For a better evaluation, we include Table 1 with the generated DH parameters for
Pose(1). The angles θ are considered as variables with zero offset.
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Table 1. The DH parameters of manipulators for Pose(1).

Joint di (m) ai (m) αi (rad) Joint di (m) ai (m) αi (rad)

1 0.8 0.34 0.79 1 0.64 0.29 −0.39
2 0 0.34 −0.79 2 0.32 0.56 −1.48
3 0 0.34 0.79 3 0.46 0.38 0
4 0 0.34 −0.79 4 0 0 −0.28

a Type A estimation b Type B estimation

Joint di (m) ai (m) αi (rad) Joint di (m) ai (m) αi (rad)

1 1.27 0.36 −0.7 1 0.64 0.29 −0.40
2 0 0.36 −0.7 2 0.32 0.55 −1.48
3 0 0.36 −0.7 3 −0.33 0.30 −0.29
4 0.93 0 0 4 0.83 0 0

c Type C estimation d Type D estimation

3.2. Manipulator Length Comparison

In general, longer links of a manipulator demand more powerful motors because of
higher torques. In Figure 11, there is a bar plot comparing the lengths of the resulting
manipulators. The length was determined using Equation (48), where ai and di are DH
parameters of ith link. n is the number of joints:

L =
n

∑
i=1

√
a2

i + d2
i (48)
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Figure 11. Comparison of the length of generated manipulators for every pose.

3.3. Manipulability Comparison

To compare the results, we decided to evaluate the manipulability of the calculated
kinematic structures. This scalar measure was obtained using the Yoshikawa algorithm [1],
which describes how spherical the end-effector velocity ellipsoid is. It differs between 0
and 1, where the value 1 shows the best manipulability in all axes. If the value is close to 0,
the mechanism might be dealing with singularities.

The results are shown for both translational and rotational motions in Figure 12 as a
logarithmic graph, because the measure differs significantly between particular kinematic
structures. It should be kept in mind that the presented manipulators have less than six
DoFs, which is one of the reasons why the manipulability measure by Yoshikawa evaluates
them with low numbers.

As expected, the type A kinematic structure has to deal with singularities and the
manipulability tends to be the lowest for the given poses. Type B has almost the same
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translational manipulability as type D, but the last two joints are in a singular position,
so the rotational manipulability drops in the case of type B kinematic structure. Type C
performs better than types A and B. In the case of general poses Pose(1, 2), type D provides
the highest manipulability measures. However, for Pose(3) when Z axes are parallel,
the manoeuvrability of the type D algorithm drops under the values of type C.
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Figure 12. Logaritmic graph comparing the manipulability measures for given poses (1–3): (a) for translational motion; and
(b) for rotational motion.

4. Discussion

The outcomes of this paper are aimed to be utilised in the synthesis of kinematic
structures of robotic manipulators. Other applications are also possible, for example,
in rapid kinematic analysis and simulation to evaluate kinematic options if only one
position or pose on a trajectory is desired to be reached. However, only topics related to
the synthesis problem are going to be discussed here.

This paper provided four algorithms to estimate the initial value of a kinematic
structure for later implementation in optimisation algorithms. As mentioned previously,
especially in algorithms searching the local minimum of an objective function, every initial
guess can provide different results. Therefore, we decided to present the types (A and B) of
estimation even though they do not fulfil the given pose in terms of orientation. The reason
is that an optimisation algorithm may overcome this issue later and the solution could
achieve the pose on a given trajectory with a better final value of the objective function than
with the other presented types (C and D). This always depends on the type and properties
of the trajectory. Therefore, we suggest implementing all four estimation types into an
optimisation algorithm and compare the results afterwards.

If one would like to know which one of the four structures is the best, this question is
not easy to answer. We chose three poses to demonstrate the advantages and disadvantages
of particular algorithms and compared the final structures for these poses by manoeuvra-
bility and length. The type D provides the most general structure that can reach any pose,
but one must be careful in cases when some axes of the base and the pose are parallel,
for example. We suggest to always visualise all initial structures for better evaluation.

The presented algorithms are based on the Denavit–Hartenberg convention, generat-
ing DH parameters. During this work, a question arose, of how suitable the DH convention
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is for general structures and especially for their synthesis for given trajectory. As mentioned
previously, it is possible to find DH parameters between two coordinate frames using the
common perpendicular approach, but it is required to “borrow” another two DH parame-
ters from the next joint and to add them to the already existing four parameters. This is
obvious since we need six parameters (three translations and three rotations) in general
to describe the motion of a frame in Euclidean space. Therefore, using an optimisation
algorithm to synthesise a manipulator that fulfils the DH convention may be limiting.
The frames representing joints cannot freely rotate and translate wherever the algorithm
tends to, but they have to follow the XZ planes in which the common perpendiculars be-
tween neighbouring joints lie. On top of that, the algorithm may not find the global or local
minimum because of this limit at all. The reason is that traditionally DH parameters serve
for the description of existing robots and once they are obtained, some local coordinates of
the joints may be located outside of the rigid body along the Z axis, and although they are
still closely tied to the particular joint and representing its kinematics, they are not repre-
senting the real (physical) position of the joint. On the other hand, in terms of synthesis
when a rigid body does not exist yet, the location (transformation) of the coordinate frames
of joints is the only known and crucial parameter and its variability should not be limited
during the synthesis process anyhow.

The comparison of the synthesis of kinematic structure using DH convention and
other standard approaches, such as screw theory [34] for instance, will be an interesting
topic for future research. However, this matter has no impact on the work presented in this
paper. The kinematic structures obtained using the four algorithms may be translated into
any other standard description of the structure of a manipulator.

5. Conclusions

This paper presents four mathematical algorithms to find an initial estimation of a
kinematic structure of a serial robotic manipulator. The input values are the number of
joints, the position of the base of the manipulator, and the target pose of its TCP. The outputs
are the standard DH parameters of a kinematic structure that can reach the given pose
either by position or by position and orientation. The presented methods are applicable in
the topic of synthesis of the kinematic structure of robotic manipulators, where they can
serve as an initial guess of a structure.

The examples of three poses for all four algorithms are shown and compared using
the manipulability measure and the arm length. However, it is not easy to determine which
method out of these four is the best as it is always depending on the input, especially
the TCP pose. The manipulability measure indicates that the D type algorithm, which
can fully satisfy any given pose, provides the best manipulability in general, because it
avoids placing joints on a single line and places them on a Bézier curve instead. In addition
to that, the joints also tend to prevent collisions. On the other hand, if the given pose
is representing a specific case, as a parallel axis or axes with a base frame axis or axes,
one should be always watchful and comparison with the other presented algorithms is
suggested. As expected, algorithm types A and B achieved the best results in the case of
the arm length measure, when only a position is desired. However, in some cases, the C
and D algorithms may fully achieve a pose with a manipulator with similarly long links.

Future steps are to implement this method in an optimisation algorithm and to observe
if the convergence is faster or if the obtained result and the values of objective functions
are better.

The algorithms were tested in MATLAB and the scripts are available as Supplementary
Material for this paper or with eventual updates as an open source package on a public
repository [35].

Supplementary Materials: The source code of algorithms presented in this paper is available as
open source repository on the Github page of the Department of Robotics, VSB-Technical University
of Ostrava, Czech Republic: github.com/robot-vsb-cz/initial-estimation accessed on 15 April 2021.
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Abstract: Instant center is an important kinematic characteristic which can be used for velocity and
singularity analysis, configuration synthesis and dynamics modeling of multi-degree of freedom
(multi-DOF) planar linkage. The Aronhold–Kennedy theorem is famous for locating instant centers
of four-bar planar linkage, but for single-loop multi-DOF linkages, it fails. Increasing with the
number of the links of single-loop multi-DOF planar linkages, the lack of link relationship makes
the identification of instant center become a recognized difficulty. This paper proposes a virtual link
method to identify instant centers of single-loop multi-DOF planar linkage. First, three types of
instant centers are redefined and the instant center identification process graph is introduced. Then,
based on coupled loop chain characteristic and definition of instant center, two criteria are presented
to convert single-loop multi-DOF planar linkage into a two-loop virtual linkage by adding the virtual
links. Subsequently, the unchanged instant centers are identified in the virtual linkage and used to
acquire all the instant centers of original single-loop multi-DOF planar linkage. As a result, the instant
centers of single-loop five-bar, six-bar planar linkage with several prismatic joints are systematically
researched for the first time. Finally, the validity of the proposed method is demonstrated using loop
equations. It is a graphical and straightforward method and the application is wide up to single-loop
multi-DOF N-bar (N ≥ 5) planar linkage.

Keywords: loop chain; virtual link; instant center; multi-degree-of-freedom; Aronhold–Kennedy
theorem

1. Introduction

The concept of instant center is proposed by Bernoulli [1], which refers to the zero
velocity point for two rigid bodies in a planar motion. It is not only used to analyze
kinematics of linkages such as absolute velocity and angular velocity, but also to research
singular configurations [2–5], configuration synthesis [6] and dynamics modeling [7].
Generally, instant centers are obtained by Aronhold–Kennedy theorem [8], but if the
linkages contain more links or link loops, the traditional method fails. The instant center
which cannot be directly located by Aronhold–Kennedy theorem, is called “indeterminate
instant center” [9] or indeterminate secondary instant center in Refs. [10–24]. Moreover, it
exists in almost all linkages besides single-loop four-bar linkage and Stephenson linkage.
Therefore, the location of indeterminate secondary instant center is a difficulty of kinematics
analysis of planar linkages, which attracts many researchers’ interests. Dijksman [10]
proposed a graphical linkage reduction method to find coordinated centers of curvature by
changing the pentagonal loop into four-bar loop. The disadvantage of this method is that
the joint-joining operation may have to be carried out twice and each time in a different way.
Based on singular coefficient matrix of the derived velocity equations, Yan and Hsu [11]
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presented an analytical method to locate instant centers of single or multiple degrees
of freedom linkages. This method has tedious calculation. Klein [12] raised a graphic
method of trial-and-error type to identify the right position of the center. The defect
is that the process is complex and inefficient. Forster and Pennock [9,14–16] presented
both analytical method and graphical technique to solve instant center problem of single-
DOF, two-DOF planar indeterminate linkage and three-DOF planar six-bar linkage. The
essence of this method is first to determine one indeterminate secondary instant center
by combing two arbitrary possible positions, then to reverse all the indeterminate instant
centers, but its implementation method is roundabout. Based on instant centers of the cam
pair residing on the extension line of a primary adjacent link, Chang [17–19] introduced
a virtual cam method to help locate key instant centers of the linkages up to ten-bar.
This method is a graphical one and is accurate in AutoCAD, but the applicable rate is
not high. In addition, in some cases, it needs to work with Pennock’s method [9,14–16],
then the linkages can be solved. Di Gregorio [20] presented an algorithm to calculate
the positions of indeterminate secondary instant centers of the indeterminate linkages.
Although the analytical method uses only pieces of information of the linkage configuration,
the difficulty is how to write the equations together with the closure equations of the
mechanism to allow the computation of the instant centers’ positions as a function of
the generalized coordinate chosen to identify the mechanism configuration. Obviously,
it is not easy. Kung and Wang [21] proposed the concept of instant center walk and
instant center circuit and established the recursive formula to compute the coordinates
of the instant centers. However, the drawback is that the application is only for single-
DOF indeterminate linkages at non-singular configurations. According to the fact that an
indeterminate secondary instant pole of two-DOF spherical linkage lies somewhere on the
unique great circle for a specific configuration of the linkage, Zarkandi [22] provided two
techniques to convert a single-DOF spherical mechanism to a two-DOF one, and then locate
all the indeterminate secondary instant centers. The main issue is how to use the techniques,
and it is not universal for different linkages. Valderrama-Rodríguez [23,24] presented a
screw theory approach for the computation of instant rotation axes of the spherical linkages
requiring the solution and comparison of two quadratic equations. Although this method
is simpler than the previous literature, the calculation is relatively complex. Diab [25]
utilized the location of the instant centers to perform acceleration analysis of a four-bar
mechanism. On the basis of an adequate literature analysis, Sancibrian and Sarabia [6]
presented a synthesis method based on optimization in which the identification of instant
center is included in the objective function for rigid-body guidance synthesis Moreover,
this proved approach is robust, accurate and efficient. Depended on the fact that the
positions of instant centers can determine the velocity coefficients and the virtual work
of the external forces of the mechanism, Di Gregorio [7] provided a dynamic model and
an algorithm to solve the dynamic problems of single-DOF planar linkage. It is simple to
use and numerically effective. In addition, since the relationships between the positions of
the instant centers and the absolute velocities, instant centers are possibly used in some
other applications such as dynamic model of the spherical mechanisms [26,27], wrench
capability analysis of the redundant mechanisms [28], dynamic balancing analysis [29],
and even commercial packages. For dynamic model of the spherical parallel mechanism,
based on the principle of virtual work, the dynamic model can be built with the Jacobian
matrices including angular velocities. As we all know, in a certain mechanism, once the
instant centers are located, the corresponding angular velocities are decided. That is, the
instant centers are able to address the dynamic model. For wrench capability analysis
of the redundant planar parallel manipulator, joint torques, which are decided by the
forces and moments acting on the end-effector, are the kinematic condition to sustain the
wrench. They can be deduced by the derivatives of absolute velocities obtained from the
instant centers. For dynamic balancing analysis of a given mechanism [29], the positions
of instant centers can directly be used to calculate the angular momentum which effects
whether the sum of all forces and moments acting on the based are zero. For commercial
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packages, the identification of instant centers may be available as a plug-in of the AutoCAD
tool since the instant centers have a widespread application and the proposed method
is suited to be programmed. As for real devices where imperfections are unavoidable
in production processes, another application of instant center is found inspired by Profs.
Bucolo and Buscarino‘s paper [30]. In their research, the nonlinear dynamical circuits are
built to help investigate the performance of a novel control strategy for imperfect systems,
and the instant center may be used to calculate the dynamical equations which regulate
the behavior of the circuits. Although instant center, which is a basic kinematic property,
is a useful tool to analyze kinematics of the linkages [2–5,31], rigid-body synthesis [6],
dynamics modeling [7], and dynamic balancing analysis [29] of planar linkages, and it
can be used in spatial mechanisms [26,27], redundant mechanisms [28], imperfect systems
of real devices [30], and is even available in commercial packages, the identification of
instant center is difficult since the lack of relationship of the interval links in a N-bar loop
(N ≥ 5). As discussed above, the existing methods can be classified three types: (1) graphical
method [10,12,17–19,22], (2) analytical method [11,20,23,24], and (3) both analytical method
and graphical method [9,14–16]. The graphical method has the advantage of visualization,
but the defects are complex process and low applicable rate. The analytical method has the
merit of high accuracy, but the calculation is normally complicated. Both analytical method
and graphical method has both advantages, but the implementation method is roundabout.
The generality and simplicity of instant center identification method is still a challenge.

The motivation of this paper is to propose a universal method to identify instant
centers of planar linkages, especially for single-loop multi-DOF planar linkages. Based on
coupled loop chain characteristic and definition of instant center, a single-loop multi-DOF
planar linkage is changed into the two-loop linkage with the added virtual links using the
proposed criteria, and the unchanged instant centers are identified according to Aronhold–
Kennedy theorem, then all the instant centers of the original single-loop multi-DOF planar
linkage can be obtained by the instant center identification process graph. The essence of
the proposed method is to cover the shortage of the lacking link relationships of the single-
loop linkage using virtual link operation, then obtain the indeterminate instant centers.
The virtual link operation is an auxiliary mean which does not affect the motion of the
original single-loop linkage. Moreover, the instant center identification of the single-loop
multi-DOF planar linkage can be the basic of the instant center identification for multi-loop
multi-DOF planar linkage which is discussed in our further research. That is, the proposed
method may solve the instant center problem of the planar linkages no matter how many
number of the links the linkages contain.

The first contribution of this paper is to provide a virtual link method to identify
instant centers of the single-loop multi-DOF planar linkage, which is a graphical method
and sticks to the definition of instant center. Compared to the previous literature [10–22],
the proposed method has three advantages: simplification, concision, and validity. Firstly,
to build virtual link operation, a few steps are carried out and normally, only one virtual
link added operation is required. There is no need to choose the specific link and to perform
repetitive complex steps [9,10,12,14–16]. Secondly, the location operation is completely
decided by the drawing graph, which also can be programmed and automated in AutoCAD.
The closure equations are unnecessary [11,20]. Thirdly, the proposed method is only
based on instantaneous configuration of the linkage and the definition of instant center,
and to ensure universality, the parameters of the virtual links are arbitrary. As a result,
the application of this method is universal no matter what the degrees of freedom and
the components of the joints of the linkage are [17–19]. The second contribution is to
redefine three types of instant centers. The new classification is more accurate and detailed
compared to the existing classification, which brings convenience for further research about
instant centers. The third contribution is that the instant center problem of the single-loop
five-bar, six-bar planar linkages with only rotation joints and several prismatic joints is
solved. Note that the instant centers of single-loop five-bar, six-bar planar linkages with
several prismatic joints are the first time to be located, to our best knowledge. The proposed
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method provides a geometry loop insight to reveal the relationship between the formation
of the instant center and the motion of the mechanism, and a new research idea for the
study of instant centers.

This paper is organized as follows. In Section 2, the mathematics definition is pre-
sented and three types of instant centers are redefined. In Section 3, based on coupled
loop chain characteristic and definition of instant center, two criteria to determine instant
centers are provided, and the instant center identification process graph is introduced.
Instant centers of the Stephenson six-bar linkage are identified to explain how the proposed
method works. Then, the steps of instant center identification of single-loop multi-DOF
N-bar (N ≥ 5) planar linkages are summarized. Subsequently, the mathematical proof is
shown in Section 4. Finally, in Section 5, instant centers of the single-loop five-bar and
six-bar planar linkages with only rotation joints and several prismatic joints are located
using the criteria, and conclusions are presented at the end of this paper.

2. Mathematic Definition and Classification of Instant Center

Instant center is defined as a point where the relative velocity of the two rigid bodies is
zero in a planar motion, but the absolute velocity may be not. For a given planar linkages,
the positions of instant centers are varying yielding to the input condition when the planar
linkage continuously moves. In fact, the continuous motion of the linkage is formed by
lots of instantaneous configurations. Each instantaneous configuration corresponds to
one specified input at this instant. That is, an instantaneous configuration coming from
the continuous motion linkage is a momentary configuration in which the corresponding
momentary input is specified. Moreover, different instantaneous configurations correspond
to different specified ratios of the inputs. If the same linkage moves from one instanta-
neous configuration to the other instantaneous configuration, the specified ratios of the
inputs should be accordingly changed. In this paper, instant centers of the instantaneous
configuration are discussed, i.e., the linkages researched in our paper are all discussed on
the condition that the linkages are all the instantaneous configurations, only one specified
ratio of the inputs corresponds to the corresponding instantaneous configuration. Since
the momentary input condition is specified in the instantaneous configuration, the passive
angles of the linkage can be decided at this instant. In another word, the link relationships
(i.e., instant centers) of the instantaneous configuration can be all obtained at the exact
points at this instant based on mathematic definition above. In Figure 1, the location of the
instant center I13 can be expressed as followed.

V13 = W1 × r1 = W3 × r3 (1)

where V13 is absolute velocity of the links 1 and 3, and Wi and ri (i = 1 or 3) denote the
angular velocity of corresponding link and distance between the binary link from the point,
respectively. Equation (1) represents the fact that the absolute velocity V13 of the instant
center I13 only relatives to the angular velocity Wi and the corresponding distance ri in a
instantaneous configuration where the momentary input condition is specified and the link
parameters of the planar linkage are determinate. It means that the identification of instant
center in the instantaneous configuration is only related to the positions and motions (i.e.,
distances and angular velocities discussed in above) of the participant links (links 1 and 3
in Figure 1) and is irrelevant to the other link of the instantaneous configuration. In another
word, when the positions and motions of participant links are the same regardless of
whether the remaining links of the linkage changed or not, the corresponding instant center
is the same. This property, evolved from the definition, is the theoretical basis to research
the single-loop multi-DOF planar linkage in the following sections of this paper. In addition,
it is used and proved in Ref. [32] for invariant link rotatability of N-bar kinematic chains. It
is worth noting that the property above is effective in instantaneous configurations, but it
fails when the linkage is in a continuous motion. The reason is that the passive angular
velocity of the participant links (for example links 1 and 3 in Figure 1) is timely drove by
the input link (link 4) and the limits coming from sizes of the links. Although the distances
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and the angular velocities of other links of the moving planar linkage do not occur in
Equation (1), they still influence the positions and motions of the participant links. All
the locations of the instant centers are continuously varying. However, for instantaneous
configurations, each instantaneous configuration corresponds to one specified input at
this instant. The ratio of the inputs of an instantaneous configuration is specified, the
momentary input is known and invariable.
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Figure 1. Planar four-bar linkage with instant centers.

In literatures above [9–24], instant centers are classified into two types: primary
instant center and secondary instant center. For a given linkage, primary instant center
is constantly the coincident point for a pair of rigid bodies of a planar linkage. The other
instant centers are all secondary instant centers no matter whether they can be located
with Aronhold–Kennedy theorem. However, in this paper, instant centers are classified
into three types in view of the access: first instant center, secondary instant center and
third instant center. First instant center is same to primary instant center of the existing
literatures. It is the easiest to be obtained and is also the base to locate the secondary and
third instant centers, such as I12, I23, I14, and I34 in Figure 1. The instant centers, which
can be directly received according to the established first instant centers using Aronhold–
Kennedy theorem, are called as secondary instant center. It is different to the concept
of secondary instant center of the existing literatures. In the new classification, all the
secondary instant centers can be located with Aronhold–Kennedy theorem. They have
exact positions. For Figure 1, the secondary instant centers are I13, I24. Apart from first and
secondary instant centers, the remaining instant centers of the linkages are third instant
center. Since its indeterminacy, the identification of third instant center is a difficulty for
single-loop multi-DOF planar linkages. Compared to secondary instant center, third instant
center can also be determined by Aronhold–Kennedy theorem, but the difference is that
secondary instant center can be acquired straightforwardly using the existing first instant
centers but third instant center is not. The third instant center I13, formed by the link 1 and
link 3 in Figure 2a, is this case. The instant center I13 is a point lying on the extension line
of link 5, but the exact location is unknown. That is, the location of third instant center
needs other addition information. According to whether third instant center exists on a
known line (at least two instant centers on the line are known, normally, the extension line
of the link), two types third instant center can be concluded. When a third instant center
lies on a known line, the third instant center is an A type third instant center. If not, it is
a B type. Taking third instant centers in Figure 2a for example, the instant center I13, I14,
I24, I25, and I35 (also represented as L13, L14, L24, L25, and L35, L means that the instant
centers are on the lines, but their exact locations are unknown) are all the A type third

79



Appl. Sci. 2021, 11, 4463

instant centers. Obviously, there is no B type third instant center. For Figure 2b, the instant
center I14, I25 and I36 are all the B type third instant centers. What is noteworthy is that the
shortest topological distance of the two links coming from the instant center can be used to
distinguish which type the third instant center belongs to. The discrimination process is
shown as follows. If the shortest topological distance is less than two units, which means
that there is only one link among the two links, the corresponding instant center is an A
type third instant center. For Figure 2a, the link 2 is the only link for the A type instant
center I13 formed by the links 1 and 3. The B type third instant center I14 has two links
(i.e., links 2 and 3) between the formed links 1 and 4 in Figure 2b. Compared to the listed
literatures, the new classification is more detailed and accurate.
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Figure 2. Two types of instant centers in (a) single-loop five-bar planar linkage; (b) single-loop six-bar planar linkage.

3. Virtual Link Method for Instant Center Identification

3.1. Criteria for Instant Center Identification

In order to explain the formation of the two proposed criteria, the instant center
identification of the Stephenson linkage containing two-loop, in Figure 3, is taken as an
example as follows.
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Figure 3. Instant centers of the Stephenson linkage.
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The Stephenson linkage has C6
2 = 15 instant centers (Figure 3). The seven instant

centers I12, I23, I34, I14, I35, I56, and I16 are the first instant centers, and the secondary
instant centers are the centers I13, and I24. The rest of the instant centers, such as I15, I36,
I46, I25, I26, and I45, are the A type third instant centers shown in Table 1. Since no B
type third instant center exists, instant centers of the Stephenson linkage are easy to be
located with Aronhold–Kennedy theorem. In order to efficiently use the existing first or
secondary instant centers to locate the third instant centers, the instant center identification
process graph is introduced, which makes the location operation visible and efficient.
The essence of the instant center identification process graph is the visualization of third
instant center identification using Aronhold–Kennedy theorem. For example, the third
instant center identification process graph of Stephenson linkage is shown in Figure 4.
The instant center identification process graph is built by the third instant centers and the
lines formed by other instant centers except for themself. The symbols “

√
”, “×”, solid

“↓” and hollow “↓” of the graph denote determinate instant center, indeterminate instant
center, determinate line and indeterminate line, respectively. The steps of the identification
process are shown as follows. Firstly, the third instant centers are all listed on the top.
Secondly, using Aronhold–Kennedy theorem, the third instant center can be divided into
four instant centers on two possible Aronhold–Kennedy lines. As for instant center I15, the
four centers are the instant centers I16, I56, I13, and I35. Thirdly, if the four instant centers are
all determinate instant centers, i.e., four

√
, then the two lines can be decided (i.e., two solid

↓). For instant center I15, the two lines are line I16I56 and line I13I35. Finally, the third instant
center can be identified in which the two determinate lines cross. For Figure 4, all the
instant centers of the Stephenson linkage can be directly obtained with Aronhold–Kennedy
theorem, but for single-loop multi-DOF N-bar (N ≥ 5) planar linkage with B type third
instant centers, the situation becomes complex. In this paper, the concept of coupled loop
chain characteristic and virtual link operation are proposed to solve the instant center
identification of single-loop multi-DOF N-bar (N ≥ 5) planar linkage.

Table 1. Instant centers of the Stephenson linkage.

First instant Center I12 I23 I34 I14 I35 I56 I16

Secondary Instant Center I13 I24

Third instant center
A type I15 I36 I46 I25 I26 I45
B type none

Figure 4. The instant center identification process graph of the Stephenson linkage.
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3.1.1. Coupled Loop Chain Characteristic

In the view of loop chain, the instant centers of the Stephenson linkage (Figure 3) can
be located as follows. Firstly, three loop chains are found: loop 1-2-3-4, loop 1-4-3-5-6, and
loop 1-2-3-5-6. The coupled loop chain 3-5-6-1 is the common part of two loops if the loop
1-4-3-5-6 and loop 1-2-3-5-6 are grouped. For the loop 1-2-3-5-6, there exists one instant
center I13

1. However, for the other loop 1-4-3-5-6, the other instant center I13
2 can also

be obtained. Only when the instant centers I13
1 and I13

2 come cross, can the Stephenson
linkage be formed. In other words, only if the common instant centers I13

1 and I13
2 of two

loops coincide, the Stephenson linkage exists. In the loop 1-2-3-5-6 and loop 1-4-3-5-6, the
instant centers I13

1 and I13
2 are all A type third instant centers, which lie on the extension

lines of link 2 and link 4, respectively. That is, the instant center I13 occurs at the point of
the intersection of the two line when the instant center I13

1 and I13
2 coincide. Similarly, if

combining the two loops: loop 1-2-3-4 and loop 1-4-3-5-6, the same result can be obtained.
This property, here called coupled loop chain characteristic, is discussed and demonstrated
in Refs. [11–14,18].

3.1.2. Virtual Link Operation

According to discussion above, for single-loop multi-DOF N-bar (N ≥ 5) planar
linkage, two criteria and corresponding virtual link operation are presented to locate
instant centers as follows.

Criterion 1: For a single-loop multi-DOF N-bar (N ≥ 5) planar linkage, add the virtual
links without changing instantaneous configuration to take shape the two-loop virtual
linkage in which the instant centers are easy to be determined. Based on mathematics
definition of instant center, some of the obtained instant centers in virtual linkage are
equivalent to the ones in the original linkage.

Criterion 2: Based on coupled loop chain characteristic, in a certain linkage, if several
common instant centers exist when combining any two loops of the linkage, once any pair
of common instant centers obtained from different loop chain come cross, the rest common
instant centers must coincide, accordingly.

Note that, virtual link operation is an assumption, and the virtual links are unreal.
Virtual link operation is an auxiliary means to change the single-loop linkage into a virtual
two-loop linkage which do not affect the motion of the original single-loop linkage. That
is, the virtual two-loop linkage is actually still the single-loop linkage. The inputs and the
motions of the links (not including the virtual links) in the virtual two-loop linkage are the
same compared to the original single-loop linkage. The corresponding mathematical proof
is discussed in detail in Section 4.

3.2. Process for Instant Center Identification

For single-loop multi-DOF N-bar (N ≥ 5) planar linkage, as shown in Figure 5a, there
are CN

2 instant centers including no secondary instant center. According to two criteria
above, the single-loop multi-DOF N-bar (N ≥ 5) planar linkage can be transformed into
the two-loop virtual planar linkage which is combined by a N-bar virtual loop and a
(N − 1)-bar virtual loop when N is odd number or two (N − 1)-bar virtual loops when N is
even number by adding the middle virtual links N + 1’ in Figure 5b (the number m of the
middle virtual links depends on what odd number or even number N (N ≥ 5) belongs to.
For example, 5 is the first odd number for N, the number m is one for single-loop five-bar
planar linkage. 7 is the second odd number for N, therefore, for seven-bar linkage, the
number m is two. The number m is three in nine-bar linkage. Similarly, 6 is the first even
number for N, so the number m is one for single-loop six-bar linkage, and the number m
is two for eight-bar linkage. It is three in 10-bar linkage. The rule of adding virtual links
is to ensure that the number of the two formed virtual loops are same or the difference
is 1). If the common instant centers of the two formed virtual loops are located, all the
instant centers of the two-loop virtual planar linkage can be identified, and then the instant
center problem of the original N-bar planar linkage can be solved with Aronhold–Kennedy
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theorem. Six steps are summarized for the instant center identification of single-loop
multi-DOF N-bar (N ≥ 5) planar linkage as follows. The corresponding flow chart is shown
in Figure 6.
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Figure 5. (a) Single-loop multi-DOF N-bar (N ≥ 5) planar linkage, (b) Two-loop virtual planar linkage
with virtual links.
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Figure 6. The flow chart of instant center identification for single-loop multi-DOF N-bar (N ≥ 5)
planar linkage.
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Step 1: Calculate the number of instant centers and classify the instant centers accord-
ing to the proposed classification, then form the instant center Table.

Step 2: Form the instant center identification process graph and choose the right links
to build the common instant centers. The common instant centers can be formed by the
unchanged links after virtual link operation or directly come from the virtual links. The
common instant centers and virtual link operation are interdependent. In another word,
the rule of adding virtual links discussed above is the rule to choose the common instant
centers, to some extent.

Step 3: Check if the number N (N ≥ 5) belongs to odd number or not.
Step 4: Based on the results from Steps 2 and 3, add the corresponding virtual links to

form two-loop virtual planar linkage.
Step 5: Use Criterions 1 and 2 to locate the common instant centers of the two-loop

virtual planar linkage. If not, back to Step 3 to add new virtual links in the existing virtual
loop until the common instant centers can be obtained. Step 3-Step 4-Step 5 is a iteration
loop. The proposed method is suitable to be programmed.

Step 6: Determinate the remaining instant centers of the original N-bar planar linkage
which fails to be located in Step 5 using Aronhold–Kennedy theorem.

4. Mathematical Proof

Loop equation is a common mathematical tool to analyze the kinematics of planar
linkages. It is employed here to verify the validity of virtual link operation in the instanta-
neous configuration. Taking the single-loop five-bar planar linkage (red part in Figure 7a,
i.e., loop1-2-3-4-5), for example, the known variables are the input angles θ2, θ5 and the link
parameters a1, a2, a3, a4, and a5, i.e., the passive angles θ3, and θ4 are unknown. Choosing
the angle θ4 as the output, the loop equation of the single-loop five-bar planar linkage can
be expressed as
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Figure 7. (a) Single-loop two-DOF five-bar planar linkage, (b) Two-loop virtual Stephenson planar linkage.

Mathematical proof for single-loop five-bar planar linkage.
Loop ABCDE:

a1 + a2eiθ2 + a3eiθ3 − a4eiθ4 − a5eiθ5 = 0 (2)

Using Euler formula, Equation (2) can be written as the following two equations:

a1 + a2cos θ2 + a3cos θ3 − a4cos θ4 − a5cos θ5 = 0 (3)

a2sin θ2 + a3sin θ3 − a4sin θ4 − a5sin θ5 = 0 (4)
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Eliminating the unknown angle θ3 in Equations (3) and (4) according to the trigono-
metric function (sin θ 3)

2 + (cos θ 3)
2 = 1,

θ4 = M1(θ2, θ5) (5)

Differentiating Equation (5) with respect to time, yields,

W4 =
•
θ4 = M2(

•
θ2,

•
θ5) (6)

where Mi (i = 1, 2) are the coefficients in the light of θ2 and θ5, which can be obtained
with mathematical software Maple. Note that Mi is constant. Equation (6) shows that the
angular velocity W4 of the single-loop five-bar planar linkage is only related to the input
angle θ2, θ5.

After adding the virtual links, the single-loop five-bar linkage (Figure 7a) is changed
into a virtual Stephenson linkage (Figure 7b). According to discussion above, the sizes
and positions of the virtual links 1’, 3’, and 6’ are arbitrary, hence, there are no known
parameters added. Note that the links 1 and 3 (Figure 7a) and the links 1’and 3’ in Figure 7b
are different. Seeing from Figure 7a, the link 3 has only one angular velocity, the derivative
of angle θ3 in loop ABCDE. However, the link 3’ (Figure 7b) has three angular velocities:
the derivative of angle θ3 in loop ABCDE, the derivative of angle θ31 in loop GFCDE,
the derivative of angle (θ31 + 2π – β − η) in loop ABFG. As for the links 1 and 1’, the
similar result can be concluded. Therefore, the instant center I1’3’ in the virtual Stephenson
linkage is not same to the instant center I13 in the single-loop five-bar planar linkage. In
fact, the virtual link operation is an assumption. The virtual links are unreal. The virtual
Stephenson linkage is actually still the single-loop five-bar linkage. The inputs and the
motions of the links (not including the virtual links) in the virtual Stephenson linkage are
the same compared to the original single-loop five-bar linkage. The instant centers which
are formed by the virtual links 1’, 3’, and 6’, such as I1’2, I1’3’, I1’4, I1’5, I1’6’, I23’, I26’, I3’4, I3’5,
I3’6’, I46’, and I56’ in Figure 7b, do not change the motion of the original five-bar linkage.
That is, the instant centers I1’2, I1’3’, I1’4, I1’5, I23’, I3’4, and I3’5’ in the virtual Stephenson
linkage are all different to the instant center I12, I13, I14, I15, I23, I34, and I35 in the original
single-loop five-bar linkage.

The loop equation of the virtual Stephenson linkage (Figure 7b) can be expressed as
Loop ABFG:

a2eiθ2 + a31ei(2π+θ3−β) − a11eiα − a6eiθ6 = 0 (7)

Loop GFCDE:

a12ei(π−λ) + a6eiθ6 + a32eiθ31 − a4eiθ4 − a5eiθ5 = 0 (8)

Adding Equation (7) to Equation (8) to eliminate the passive angle θ6, Equation (9)
can be obtained as follows:

a2eiθ2 + a31ei(2π+θ3−β) − a11eiα + a12ei(π−λ) + a32eiθ31 − a4eiθ4 − a5eiθ5 = 0 (9)

In fact, the elimination operation above is to form the loop ABCDE (red part in
Figure 7b), i.e., Equation (9) is the loop equation of loop ABCDE, as a result, Equation (9)
should equal to Equation (2).

Using Euler formula, Equation (9) can be written as the following two equations:

a2cos θ2 + a31cos(θ 3 − β)− a11cosα− a12cos λ
+a32cos θ31 − a4cos θ4 − a5cos θ5 = 0

(10)

a2sin θ2 + a31sin(θ 3 − β)− a11sinα+ a12sin λ

+a32sin θ31 − a4sin θ4 − a5sin θ5 = 0
(11)
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Since the angle θ3 = θ31 − η, combining Equations (10) and (11) to eliminate the passive
angle θ3 with tangent-half-angle formula (firstly, cosθ3 = 1 − m2/(1 + m2),
sinθ3 = 2m/(1 + m2), where m = tan(θ3/2), are substituted into Equations (10) and (11),
then eliminate the common term m of the two equations), Equation (12) can be obtained.

θ4 = N1(θ2, θ5) (12)

Differentiating Equation (12) with respect to time, yields,

W4 =
•
θ4 = N2(

•
θ2,

•
θ5) (13)

where Ni (i = 1, 2) are the coefficients in the light of θ2 and θ5. Note that Ni are composed
of the unknown angles β, η, α, λ (β, η are the interior angles of the link 3’, α, λ are the
interior angles of the link 1’) and the arbitrary link parameters a11, a12, a6, a31, and a32 (a11,
a12 are the link parameters of the links 1’, a31, and a32 are the link parameters of the links
3’). Contrasted the single-loop five-bar linkage in Figure 7a with the virtual Stephenson
linkage in Figure 7b, since the parameters α, λ, β, η, a11, a12, a31, and a32 are random, that
is, a lot of virtual Stephenson linkages can be obtained, which correspond to the same
single-loop five-bar linkage. However, according to Equations (6) and (13), it is obvious that
the angular velocities W4 of Equations (6) and (13) are only related to the input angles θ2, θ5
no matter whether the virtual links are added or not. When the single-loop five-bar linkage
is in the instantaneous configuration, i.e., the ratio of the inputs (W2/W5) is specified, the
two angular velocities W4 all coming from the loop ABCDE in which the links 4 correspond
the same derivative of angle θ4, are the same. Then the instant centers I24, which is decided
by (W4/W2), are the same. That is, the virtual links of the virtual Stephenson linkage do
not change the motion of the original single-loop five-bar linkage. The virtual Stephenson
linkage is actually still the original single-loop five-bar linkage. Virtual link operation is an
auxiliary means to change the single-loop linkage into a virtual two-loop linkage which do
not affect the motion of the original single-loop linkage. Therefore, the unchanged instant
centers I24 and I25 in Figure 7a,b, formed by the common part of the original single-loop
five-bar linkage and the virtual Stephenson linkage, are the same. In other words, the
instant centers I24 and I25 obtained from the virtual Stephenson linkage can be used in the
instant center identification of the original single-loop five-bar linkage, and in the virtual
Stephenson linkage, the instant centers I24 and I25 are easy to be obtained. The validity of
virtual link operation is demonstrated.

5. Instant Center Identification of the Single-Loop Planar Linkages

5.1. Single-Loop Five-Bar Planar Linkage
5.1.1. Single-Loop Five-Bar Planar Linkage with Only Rotation Joints

The five-bar planar linkage (Figure 2a) is the simplest single-loop planar linkage
beside the four-bar planar linkage. It has ten instant centers which are shown in Table 2.
The instant centers I12, I23, I34, I45, and I15 are the first instant centers, and the A type third
instant centers include the instant centers I13, I14, I24, I25, and I35. Lacking the secondary
instant centers, the third instant centers cannot be determined as shown in Figure 8.

Table 2. Instant centers of five-bar planar linkage.

First Instant Center I12 I23 I34 I45 I15

Secondary Instant Center None

Third instant center
A type I13 I14 I24 I25 I35
B type none
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Figure 8. The instant center identification process graph of five-bar planar linkage without
virtual links.

Using Criterions 1 and 2, the instant centers of five-bar planar linkage (Figure 2a) can
be solved. After adding the virtual links, the virtual loops are formed and the secondary
instant centers occur. The created secondary instant center can be used to get the A type
third instant centers. Since the parameters and positions of inserted virtual links are
arbitrary, the transformation of the configuration is not out of generality. In Figure 9, the
original five-bar planar linkage (Figure 2a) is converted into the virtual Stephenson linkage
with the virtual links 2’, 5’, and 6’. Note that the virtual links 2’ and 5’ are different to the
links 2 and 5 (Figure 2a). The instant centers of the virtual Stephenson linkage are shown
in Table 3. With Aronhold–Kennedy theorem, the secondary instant centers I16’ and I2’5’
(which is also the common instant center of the loop 1-2’-6’-5’ and loop 2’-3-4-5’-6’) and the
A type third instant centers I13, I14, I2’4, I35’, I36’, and I45’ are easy to be located in Figure 10.
Compared the links 1, 3, and 4 (red segment in Figure 9) in the five-bar planar linkage
and the virtual Stephenson linkage, the locations and motions of links are invariant, that
is, the unchanged instant centers I13, and I14 of two planar linkage are equivalent. Seeing
from Figure 8, as a result, the remaining A type third instant centers (i.e., I24, I25, and I35) of
the single-loop five-bar planar linkage are solvable using the instant center identification
process graph. Note that the instant center I2’5’ obtained in loop 1-2’-6’-5’ is different to
the instant center I25 in loop 1-2-3-4-5 since the derivative of angle of the instant center I2’5’
coming from loop 1-2’-6’-5’ and the derivative of angle of the instant center I2’5’ coming
from loop 1-2-3-4-5 are different based on the discussion in Section 4.

Table 3. Instant centers of Stephenson linkage with the virtual links.

First instant center I12’ I2’3 I34 I15’ I45’ I2’6’ I5’6’

Secondary instant center I16’ I2’5’

Third instant center
A type I13 I14 I2’4 I35’ I36’ I46’
B type none
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Figure 9. Single-loop five-bar planar linkage with virtual links.

Figure 10. The instant center identification process graph of five-bar planar linkage with virtual links.
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5.1.2. Single-Loop Five-Bar Planar Linkage with Prismatic Joints

The instant center of a prismatic joint lies on the line which is perpendicular to the
motion pair, for example, L45 in Figure 11. There are three cases of single-loop five-bar
planar linkages with the different number of prismatic joints. Taking the linkages in
Figure 11a for example, the instant centers are shown in Table 4. Contrasted Table 2 with
Table 4, the difference of the instant centers between the single-loop five-bar linkage with
one prismatic joint and the single-loop five-bar linkage with only rotation joints is that
one first instant center (I45 in Table 2) is changed into an A type third instant center (I45 in
Table 4). Using the proposed method, the instant center problem of this kind linkages can
be solved as follows. The virtual links can be added in two ways: (1) after added operation,
the five-bar linkage is changed into a virtual four-bar loop with only rotation joints and
a five-bar loop with one prismatic joint; (2) the five-bar linkage is changed into a virtual
five-bar loop with only rotation joints and a four-bar loop with one prismatic joint, shown
in the Figures 12 and 13. For Figure 12, the linkage with the prismatic joint is changed
into a virtual Stephenson linkage with one prismatic joint containing loop1-2-3’-6’ with
rotation joints and loop1’-6’-3’-4-5 with the prismatic joint. However, some A type third
instant centers, such as L1’4, L24, L46’, and L45, in this case, cannot be obtained even under
exceptional conditions that the angle between the link 4 and the sliding block is 90◦. As
for Figure 13a, using the corresponding virtual link operation, the linkage is transformed
into a virtual Stephenson linkage including loop 1’-2-3-4’-6’ with rotation joints and loop
1’-6’-4’-5 with the prismatic joint. Although the instant centers L1’4’, L56’, and L4’5 in the
loop1’-6’-4’-5 cannot be located, the instant centers of loop 1’-2-3-4’-6’ with rotation joints
are solvable seeing from the case in Figure 9. The corresponding virtual link operations
are shown in Figure 13b. The instant center I1’4’ is the common instant center of the loop
1’-2-3-4’-6’ and loop 1’-6’-4’-5 with the prismatic joint. In another word, the instant center
I1’4’, obtained from the loop 1’-2-3-4’-6’, can be used to identify the rest instant centers L56’
and L4’5 in loop 1’-6’-4’-5 with the prismatic joint. The solution for single-loop five-bar
planar linkage with prismatic joint sounds like an iterative process. The instant centers
of the five-bar loop with rotation joints are solved, and then used in the identification
of the four-bar loop with the prismatic joint. The other cases are shown in Figure 13c,d
in which the five-bar planar linkage has two prismatic joints and three prismatic joints,
respectively. The five-bar planar linkage with two prismatic joints (Figure 13c) can be
changed into a four-bar loop with one prismatic joint and a five-bar loop with another
prismatic joint discussed in Figure 11a. The five-bar planar linkage with three prismatic
joints (Figure 13d) can be changed into a four-bar loop with one prismatic joint and a
five-bar loop with another two prismatic joints discussed in Figure 11b. For simplicity, this
repeated discussion is omitted.

Table 4. Instant centers of five-bar planar linkage with one prismatic joint.

First instant center I12 I23 I34 I15

Secondary instant center none

Third instant center
A type I13 I14 I24 I25 I35 I45
B type none
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joints and virtual links 1’, 3’, 6’, (d) three prismatic joints and virtual links 2’, 5’, 6’.

5.2. Single-Loop Six-Bar Planar Linkage
5.2.1. Single-Loop Six-Bar Planar Linkage with Only Rotation Joints

Single-loop six-bar planar linkage (Figure 2b) has 15 instant centers. The first instant
centers I12, I23, I34, I45, I56, and I16 and the third instant center I13, I14, I15, I24, I25, I26, I35,
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I36, and I46 are shown in Table 5, then the instant center identification process graph is
established in Figure 14. Similar to the instant center identification of single-loop five-bar
planar linkage, the instant center identification is shown as follows. The single-loop six-bar
planar linkage with only rotation joints becomes the virtual seven-bar linkage by adding
the virtual links 2’, 5’ and 7’ in Figure 15, which contains two virtual five-bar loops using
Criterion 1. The instant centers are listed in Table 6 after this change. In Figure 15, the
coupled loop chain 2’-7’-5’ is the common part of two virtual loop 1-2’-7’-5’-6 and 2’-3-4-5’-
7’, namely, the instant center I2’5’ formed by the common part of two virtual loop, is the
common instant center. Using Criterion 2, the wanted instant centers occur if the common
instant centers of the two loops coincide. It is clear that the single loop 1-2’-7’-5’-6 is just
the single-loop five-bar planar linkage discussed in Section 5.1 in which the instant centers
had been recognized in Figure 8. Therefore, the instant center I2’5’

1 is known and can be
used for the identification of the instant centers of the virtual loop 3-4-2’-7’-5’ when the
loop is taken as a single loop. In this way, the instant centers I15’, I17’, I2’5’, I2’6, I67’, I35’, I37’,
I2’4, and I47’ are immediately obtained, and the instant center I13 is figured out according to
the instant centers I12’, I2’3, I17’, and I37’ using Aronhold–Kennedy theorem. As the same
to the instant center I13, the instant centers I14, I36, and I46 are solved and brought into
the original six-bar linkage in Table 7, which makes all the instant centers of the linkage
determinate in Figure 14.

Table 5. Instant centers of six-bar planar linkage without virtual links.

First instant center I12 I23 I34 I45 I56 I16

Secondary instant center none

Third instant center
A type I13 I15 I24 I26 I35 I46
B type I14 I25 I36

Figure 14. The instant center identification process graph of six-bar planar linkage without
virtual links.
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Table 6. Instant centers of six-bar planar linkage with virtual links.

First instant center I12’ I2’3 I16 I27’ I34 I45’ I5’6 I5’7’

Secondary instant center none

Third instant center
A type I13 I15’ I17’ I2’4 I2’5’ I2’6 I35’ I46 I47
B type I14 I36

Table 7. Instant centers of six-bar planar linkage with Criterions 1 and 2.

First and identified I12 I23 I34 I45 I56
instant center I16 I13 I14 I36 I46

Instant center by Aronhold–Kennedy theorem I15 I24 I26 I35 I25

5.2.2. Single-Loop Six-Bar Planar Linkage with Prismatic Joints

Similar to single-loop five-bar planar linkage with prismatic joints, there show three
cases of single-loop six-bar linkages with several prismatic joints in Figure 16. According
to discussion above, the instant center identification of the linkage is a iteration. The
results coming from the linkages in Figure 15 can be used for the instant center locations
in Figure 16a. The corresponding virtual link operation is shown in Figure 16d. Then,
the similar steps are repeated in Figure 16b, the corresponding virtual link operation is
shown in Figure 16e. In Figure 16f, the consequences of Figure 16a,b are utilized for the
instant center identification of single-loop six-bar linkages with three prismatic joints. For
simplicity, the detailed process is not expanded.
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6. Conclusions

Instant center can be used in spatial mechanisms [26,27], redundant mechanisms [28],
real devices [30], and is even available in commercial packages. It is a basic kinematic
property which helps analyze kinematics of the linkages [2–5,31], rigid-body synthesis [6],
dynamics modeling [7], dynamic balancing analysis [29], and imperfect systems of real
devices [30]. Based on coupled loop chain characteristic and definition of instant center, a
virtual link method to identify instant centers of the single-loop multi-DOF planar linkage
is proposed. The conclusions and advantages can be summarized as follows:

(1) Three types of instant centers are redefined and the instant center identification
process graph is introduced. Compared to the traditional classification of instant
center, the difference is that the new classification classifies the traditional secondary
instant center into three refined types: new secondary instant center, A type third
instant center and B type third instant center in view of the access. That is, the new
classification is more accurate and detailed, which brings conveniences for further
research about instant centers.

(2) According to the instantaneous configuration of the linkage and definition of instant
center, two criteria are presented and used to convert single-loop multi-DOF planar
linkage into a two-loop virtual linkage by adding virtual links to acquire all the
instant centers. Compared to the previous graphical methods, the proposed method
has less operation than Dijksman’s method and Klein’s method facing the instant
center identification of the simple planar linkage, such as single-loop five-bar planar
linkage, and it has higher applicable rate than Chang’s method. As for Pennock’s
method, the proposed method does not need the analytical calculation. However, its
disadvantage is that it must be programmed facing the instant center identification of
the single-loop N-bar (N > 6) planar linkage. Moreover, the proposed method only
works in the instantaneous configuration, for the continuous motion of planar linkage,
it fails.

(3) The instant centers of the single-loop five-bar, six-bar linkages with several prismatic
joints are the first time to be located.

(4) The proposed method provides a geometry loop insight to reveal the relationship
between the formation of the instant center and the motion of single-loop multi-DOF
planar linkage, and a new research idea for the study of instant centers.
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Abstract: Despite the fact that a large number of research studies have been conducted in the field of
search and rescue robotics, significantly little attention has been given to the development of rescue
robots capable of performing physical rescue interventions, including loading and transporting
victims to a safe zone—i.e., casualty extraction tasks. The aim of this study is to develop a mobile
rescue robot that could assist first responders when saving casualties from a dangerous area by
performing a casualty extraction procedure whilst ensuring that no additional injury is caused by
the operation and no additional lives are put at risk. In this paper, we present a novel design of
ResQbot 2.0—a mobile rescue robot designed for performing the casualty extraction task. This
robot is a stretcher-type casualty extraction robot, which is a significantly improved version of the
initial proof-of-concept prototype, ResQbot (retrospectively referred to as ResQbot 1.0), that has
been developed in our previous work. The proposed designs and development of the mechanical
system of ResQbot 2.0, as well as the method for safely loading a full-body casualty onto the robot’s
‘stretcher bed’, are described in detail based on the conducted literature review, evaluation of our
previous work, and feedback provided by medical professionals. We perform simulation experiments
in the Gazebo physics engine simulator to verify the proposed design and the casualty extraction
procedure. The simulation results demonstrate the capability of ResQbot 2.0 to carry out safe casualty
extractions successfully.

Keywords: rescue robotics; search and rescue; robot design; mobile robot; patient transfer;
casualty extraction

1. Introduction

Responses to natural or human-made disasters—such as chemical, biological, radio-
logical, and nuclear (CBRN) incidents—are always a race against time. Extracting casualties
from a hazardous scene is such an example of an emergency case in which a significant
amount of pressure and risk is placed on the people working as the first responders. Ef-
ficient and timely action is crucial since it is known that the mortality rate increases and
reaches a peak after 48 h, implying that the chance of survival drops significantly after
this period [1–5]. While it is crucial to act fast, ensuring the rescue operation is safely
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performed is also critical. Apart from ensuring the safety of the first responders, minimis-
ing the possibility of creating further damage or additional risk to the casualties is a high
priority [5].

Currently, research and development in robotics and its applications is an actively
growing field, including the development of robotics applications in assisting first re-
sponders in rescue missions, in which the main objective is to improve the search and
rescue (SAR) operation to become faster and safer. A wide range of robotics design has
been introduced and deployed for specifically performing SAR missions [4–11]. Most of
these robots are designed to assist with some specific tasks that can be grouped into four
general categories according to their purpose in the SAR response process, namely search,
extraction, evacuation, and treatment [5].

The field of search robotics has received the most attention so far, particularly un-
manned aerial vehicles (UAVs), which have been used in many rescue operations [12–18],
collecting evidence about the position of a missing person, but not interacting with the
casualty. However, the field of casualty extraction using rescue robots is significantly less
mature, with fewer applicatFions and proposed designs. The main reason for this is that
these robots are often significantly larger and more complex due to the medical casualty
handling requirements [9]. Other than academic institutions, most of the research and
many technical implementation proposals were carried out by military organisations [6].

This paper presents a novel design of a mobile rescue robot, called ResQbot 2.0, capable
of safely rescuing a casualty lying on the ground (i.e., casualty extraction procedure). This
robot design is a significantly improved version of the initial proof-of-concept prototype—
ResQbot (retrospectively referred to as ResQbot 1.0)—that has been developed in our
previous work, and has been presented in [19–23]. The main contributions of this work can
be summarised as follows:

(1) The novel ResQbot 2.0 design comprises seven main novel components: A differential-
drive mobile base; a stretcher bed tilting mechanism; a stretcher bed sliding mecha-
nism; a motorised stretcher bed conveyor module, a pair of motorised stretcher strap
modules; and a neck securing device module.

(2) The proposed methodology of casualty extraction procedure using ResQbot 2.0 for
safely loading a full-body casualty onto the robot’s ‘stretcher bed’.

(3) Validation of the proposed design and the casualty extraction procedure via simula-
tion experiments in the Gazebo physics engine simulator.

The remaining of this paper is organised as follows: In Section 2, we review the state of
the art on the major work related to the existing mobile rescue robots designed for casualty
extraction. In Section 3, we describe the design specification and development of the robot,
as well as the medical and safety considerations. The proposed robot design and method of
casualty extraction procedure using the proposed robot design are described in Section 4.
Furthermore, the results and discussion of the proposed design are presented in Section 5.
Finally, we conclude our findings in Section 6.

2. Related Work

In this section, we present an overview of the existing mobile rescue robots designed
for casualty extraction. The summary of major contributions to the field of casualty
extraction is depicted in Figure 1 [23–31].

One of the very first casualty extraction proposal incorporating a mobile robot is the
iRobot Valkyrie project, as presented in [26,32]. In this proposal, the idea is implementing
a flexible stretcher that is tethered to a multi-purpose mobile robot (see Figure 1, iRobot
Valkyrie [24]). First, an operator or medic is remotely operating the robot to find the
casualty. Then, the casualty needs to roll with its own strength onto the stretcher. After
the casualty rolls safely on the stretcher, the robot then pulls away the stretcher to the safe
place for further treatment [26].
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Figure 1. Timeline of the major contributions to the field of casualty extraction (photos on the diagram
are adapted from [23–31]).

The US Department of Defence then introduced the robotic extraction (REX) and
robotic evacuation (REV) rescue robot system for casualty extraction missions as presented
in [25]. This system combines several differently-sized, unmanned ground vehicles (UGV)
to perform a rescue mission. A small, mobile manipulator (REX) is used for short-range
extraction from the site of injury to a larger and faster vehicle (REV), which transports the
casualty to a medical facility (see Figure 1, REX and REV). The system is part of a more
extensive tactical amphibious ground support system (TAGS). This project was proposed
to extract battlefield casualties from hostile environments and from under fire, designed
mainly for outdoor battlefield terrain [6].

One of the most sophisticated robot platforms designed and developed specifically
for casualty extraction procedures is a robot with a semi-humanoid design. The humanoid
robot is roughly the size of a human male. Its upper torso is equipped with a heavy-duty
dual-arm manipulator built on top of a mobile base with tank tracks on its thighs and
calves. The battlefield extraction assist robot (BEAR) developed by Vecna Technologies [6,7],
the combat robotic nursing assistant (cRoNA) [8] from Hstar Technologies [33], and the
humanoid rescue robot for calamity response (HURCULES) robot [29] developed by the
Agency for Defense Development, South Korea [34,35] are examples of a semi-humanoid
form mobile robot platform, designed and developed specifically for casualty-extraction
procedures (see Figure 1, BEAR, cRoNA, HURCULES). Compared to all previous designs,
these robots are designed to be highly agile while performing casualty extraction using
their arms by scooping, lifting up, and carrying the casualty (see Figure 2a). While this
casualty extraction procedure seems to be flexible, feasible, and mimics how a normal
person handles a casualty, medical safety remains an unsolved issue as this design does
not stabilise the sensitive areas, including the casualty’s spine, neck, and head.
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Figure 2. Casualty extraction procedures using two different types of casualty extraction robots. (a) Humanoid-type robot
construction. The casualty extraction procedure has been presented in [29]. We found that there are at least three safety
concerns in the typical humanoid-type robot construction procedure, the impact during the casualty scooping process could
possibly bend the casualty’s body sideways, the lifting process could make the casualty’s body bend forward, and provide
minimal support for the casualty’s head and neck during the transportation phase. (b) Stretcher-type robot construction.
The presented casualty extraction procedure introduced as the loco-manipulation approach has been presented in [23].

In [29], the authors highlight that one of the noticeable features in the mechanical
design of the HURCULES robot is to use the worm gear in the joint to maintain the safety
of the casualty even with the power off and to reduce the energy through a selected
operating mode. Moreover, unlike the upper body of a conventional humanoid robot, a
chest plate is installed and used to properly distribute the casualty’s weight to the dual-arm
manipulator and the chest plate when carrying the casualty. Nevertheless, the lack of
body support (especially spine, neck, and head) during the procedure, in comparison to
the conventional stretcher, remains a critical concern. In addition, in terms of operating
the robots, controlling such complex robots performing intricate and sensitive tasks is a
significant challenge. Teleoperating such a complex system most likely requires more than
one highly skilled and experienced operator with complex teleoperation devices.

Alternative designs using stretcher-type constructions or litters that aim for a smoother
pick-up and transportation process of casualty extraction procedure have also been inves-
tigated. Examples of proposals for such systems are the robot presented by Iwano et al.
in [36–38] and the Tokyo Fire Department [39]. These robots are designed to perform
casualty extraction using a conveyor belt mechanism to pick up a casualty without having
to move the body significantly in the process. Once the casualty is properly loaded on
top of the robot, the conveyor belt base then properly supports the casualty’s body so it
can additionally serve as a stretcher bed. Thus, this robot design and method for casualty
extraction is expected to be safer and would minimise the possibility of causing additional
injuries to the casualty during the casualty extraction process.

Ning in [28] has also presented a similar design of a stretcher-type casualty ex-traction
robot. A unique feature of this design is that it incorporates a wheel-legged structure that
can be raised or lowered using linear actuators. The purpose of the design is to improve
the robot’s adaptability in a complex disaster scene. On the other hand, a very recently pub-
lished work in [30,40] presents a casualty extraction robot design called semi-autonomous
victim extraction robot (SAVER) [41,42]. This robot is equipped with two manipulator
arms and a head support system. The arms are designed for the telemanipulation process
to gently adjust the pose of the casualty prior to the loading process. The head support
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system is designed to grasp the injured person and stabilise the head and neck while gently
pulling the casualty on board.

In our previous works presented in [19–23], we have developed a proof-of-concept
mobile rescue robot for casualty extraction, called ResQbot (see Figure 1, ResQbot 1.0). This
robot is a stretcher-type mobile rescue robot designed to safely load a casualty using the
loco-manipulation approach [23] that uses a combination of the robot’s wheeled locomotion
and the belt conveyor mechanism to load a casualty (i.e., manipulation task), as illustrated
in Figure 2b. The loco-manipulation approach allows the robot to load the casualty while
ensuring that key safety thresholds (based on [43,44]) are adhered to and avoiding potential
causes of additional injury to the casualty, such as head, neck or spinal cord injuries [23].
The stretcher bed conveyor of this robot is also equipped with a stretcher strap mechanism
to safely secure the casualty during transportation.

Despite the promising results obtained from the evaluation experiments on the loco-
manipulation approach using ResQbot 1.0 [23], ResQbot 1.0 is only capable of securing
half the body of the casualty (i.e., upper body) onto the robot’s stretcher bed module (see
Figure 3a). During the casualty extraction mission, the robot will drag the casualty’s legs
during transportation (Videos of ResQbot 1.0 are available at https://www.imperial.ac.uk/
robot-intelligence/robots/resqbot/ (accessed on 15 May 2021)). Even though we believe
that in an emergency, this procedure is still highly acceptable—in fact, first responders also
frequently perform the same procedure [45–47]—this procedure could potentially cause
severe damage to the casualty.

Figure 3. Two critical concerns of the ResQbot 1.0 design: (a) ResQbot 1.0 can only load and secure
half of the casualty’s body (i.e., upper body). (b) The initial contact between the robot and the
casualty’s head during the casualty loading process remains a critical safety concern (the potential
cause of head or neck injury).

Another critical concern on the ResQbot 1.0 design is the fact that the loading process,
as part of the casualty extraction routine, is initiated from the head of the casualty. Based
on the experimental evaluations, the process can satisfy the safety metric (we refer readers
to [19,23] for more details about the experiments). Nevertheless, the process (i.e., initiating
loading the casualty from the head) is still raising a safety concern in terms of potential
damage to the casualty’s head and neck during the initial contact between the robot and
the casualty’s head (see Figure 3b).

3. Design Specification

3.1. Design Objectives

The design specification is based on the literature review, evaluation of our previous
work, and feedback provided by medical professionals. Based on our previous work, there
are at least two main concerns: ResQbot’s inability to safely load the casualty’s entire body
and safety regarding the robot’s initial contact with the casualty’s head during casualty
extraction procedures. Therefore, in this study, we focus on three main design objectives:

• Optimising the design mechanism to safely load a casualty’s entire body onto the
robot’s stretcher bed.
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• Designing a mechanism that provides more protection to the casualty’s head and neck
during the extraction process.

• Optimising the robot’s compact design and manoeuvrability in narrow environments.

3.2. Design Assumptions

In order to limit the scope of this work, the following assumptions about the robot’s
deployment environment were made at the start of the design process:

• The robot would be working in an urban environment with flat surfaces. Some
possible scenarios include areas of gas leaks and radiation/chemical contamination.

• The robot would not have to deal with stairs.
• The casualty would be lying flat with hands at the sides (in readiness for loading the

casualty onto the robot).
• The methodology for controlling the ResQbot 2.0 platform (e.g., teleoperation or

autonomous modes) lies beyond the scope of this paper.

3.3. Medical Considerations and Research

As mentioned in the introduction, one of the main priorities in casualty extraction
procedures is to ensure minimal harm or risk. One of the main design considerations
is to minimise any possible traumatic injuries during the casualty extraction procedure.
Any unfavourable handling might aggravate injuries, particularly to the neck, head, and
spinal cord (which includes the cervical spine). For this reason, medical professionals were
consulted during all design stages of ResQbot 2.0, and a survey of the literature was carried
out [48–57].

According to our literature review, it was found that spinal cord injuries and unstable
fractures are some of the major concerns. Such injuries can occur either at the tetraplegic
(the neck region) or paraplegic level (lower back region) [48–57]. Injuries at the tetraplegic
level can cause impairment or loss of motor or sensory functions in the cervical segments
of the spinal cord, affecting arms and legs [48]. To avoid this type of injury, any additional
backward (hyperextension) or forward (hyperflexion) bending of the neck, as well as
compression or rotation must be avoided [48]. To prevent potential paraplegic traumas,
any forward or backward bending of the lower back must also be avoided, although this is
less critical.

Possible existing injuries must be taken into account when performing a casualty
extraction, especially the possibility of secondary spinal cord injuries, including neurogenic
shocks, post-traumatic ischemia or failure to stabilise and immobilise an unstable fracture,
which might cause bone fragments to move towards, put pressure on or cut the spinal
cord [48]. One of the standard operating procedures is to place the cervical spine in a
neutral position and attach a stabilisation unit to the patient, as proposed in [30]. The main
objective of this procedure is to minimise translation and rotation of the head in order
to avoid the aggravation of spinal injuries during lifting or transportation. In classical
ambulant care, post-trauma stabilisation usually includes fitting a cervical collar to the
patient’s neck as a frame to immobilise the head. However, recent work has illustrated
that a cervical collar is not indispensable, and might even restrict a patient’s airway [50,51].
Therefore, cranio-thoracic stabilisation methods, such as sandbags or stabilisation blocks
that maintain the cervical spine straight without a cervical collar [52,53], have received
increased attention.

Another safety consideration related to casualty extraction procedures, as shown
in Figures 2b and 3b, is the possibility of head injury during contact between the robot
and the casualty’s head. A number of research studies have focused on evaluating and
developing methods and technical devices that could protect against both spinal cord
and head injuries [43,44]. In [43], Engsberg presents an investigation into the possible
spinal cord and head injuries caused by an impacting force. This study evaluates several
impact-testing methods as well as a selection of injury threshold limits. In a separate
study, EURailSafe [44] presented a report on the evaluation of bot head and neck injuries,
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including injury mechanisms, criteria, and tolerance levels. We used the data from [43,44]
to obtain the key safety thresholds and validate our design results.

4. Proposed Design and Method

4.1. Proposed Method and Design for Casualty Loading

In this study, we adopted the loco-manipulation approach presented in our previous
work [23] for the casualty extraction method. This method was evaluated in the study
presented in [19,23]; it has shown potential for the safe loading of casualties and satisfies
several safety measures [43,58]. One of the objectives of this study is to propose a robot
design to safely load an average-size person’s entire body onto the robot’s stretcher bed
and secure it safely.

In order to achieve this objective, the size of the robot’s stretcher bed and conveyor
must be increased. This increase in length would lead to an increase in the overall size of
the robot. Figure 4a,b illustrates the different robot sizes. The size of the stretcher bed can
be increased without a significant change to the robot’s design. There are at least two major
problems with this design: (1) The robot’s overall length increases by 1.5 times the length of
the original ResQbot 1.0. This will cause the robot to struggle while manoeuvring in typical
indoor environments, and (2) the more extended stretcher bed module (potentially loaded
with a casualty) towed behind the differential-drive mobile base would make it difficult
to manoeuvre the robot and keep the stretcher bed stable, since the mobile base would
require much more effort to turn with an asymmetrical load towed behind the mobile
base. Moreover, slight turns by the mobile base would cause much more movement on the
stretcher bed, making it challenging to keep the stretcher bed stable during transportation.

Figure 4. Illustration showing the ResQbot 1.0 stretcher-bed conveyor in comparison to the longer
stretcher-bed conveyor designs that enable safe loading of the casualty’s entire body onto the stretcher
bed. (a) ResQbot 1.0 original size. (b) ResQbot 1.0 with an expanded stretcher bed. (c) The ideal
position of the stretcher bed on the differential-drive mobile base (i.e., proposed design).

Figure 4c illustrates the ideal position of the stretcher bed on the mobile base. In this
position, the load would be uniformly distributed to the robot’s mobile base. In comparison
with the original ResQbot 1.0 configuration (Figure 4a), upgrading the robot’s stretcher
bed size would result in a similar overall length when configured as shown in Figure 4c.
Moreover, since the robot’s configuration in Figure 4c is symmetrical, the mobile base’s
manoeuvrability will be improved seeing as it is a mobile base with a differential-drive
wheel mechanism with the driving wheel placed in the middle. Consequently, the stretcher
bed would be more stable while manoeuvring the robot during transportation—even when
loaded with a casualty.

101



Appl. Sci. 2021, 11, 5414

To accommodate the configuration shown in Figure 4c and retain the robot’s loco-
manipulation capability to load the casualty, we propose adding tilting and sliding mecha-
nisms to the stretcher module on the mobile base platform. Figure 5 illustrates the stretcher
bed sliding and tilting mechanisms proposed for ResQbot 2.0.

Figure 5. Illustration of proposed tilting mechanism and sliding mechanism adapted in the ResQbot
2.0 proposed design. These mechanisms were adapted in order to accommodate the upgraded size of
the stretcher bed—capable of loading the entire body of an average-size casualty—while maintaining
the overall compact design of the robot.

With these additional mechanisms, ResQbot 2.0 could perform casualty extraction in a
similar manner to ResQbot 1.0, but with a slightly modified procedure. Figure 6 illustrates
the proposed new casualty extraction procedure using ResQbot 2.0.

Figure 6. Illustration of the proposed casualty extraction procedure using ResQbot 2.0 comprising of seven main sequential
phases: (1) Aligning the robot’s pose with respect to the casualty’s orientation. (2) Approaching the casualty in the desired
target position in readiness to load the casualty. (3) Changing to the loading configuration by tilting and sliding the robot’s
stretcher bed to the desired configuration. (4) Synchronising the robot’s mobile base and the conveyor belt movements
enables the robot to gently load the casualty onto the stretcher bed. (5) Once the casualty is correctly positioned on the
robot, the stretcher’s strap mechanism securely fastens, stabilises, and safely immobilises the casualty on the stretcher bed.
(6) Changing back to the compact configuration by sliding up and tilting down the robot’s stretcher bed. (7) The robot is
ready to transport the casualty to the medical area for further treatment.
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This procedure involves several major phases:

(1) Relative pose adjustment: The robot aligns its relative pose with respect to the victim
in preparation for the loco-manipulation routine.

(2) Approaching the target casualty: The robot gently and safely approaches the casualty
and makes contact with the casualty’s head to initiate loading.

(3) Changing to the loading configuration (i.e., sliding and tilting the stretcher bed): The
robot’s stretcher bed frame tilts up to the desired loading angle and then slides down
until it touches the ground in readiness to load the casualty.

(4) Loading the target casualty: By balancing the movement of the base and the motion
of the belt conveyor, the robot smoothly loads the casualty onboard.

(5) Fastening the stretcher strap: Once the casualty is fully onboard, the strapping
mechanism secures, stabilises, and immobilises the casualty, minimising the risk
of additional harm due to undesired movements.

(6) Changing to the compact configuration: Once the casualty is properly secured, the
stretcher bed slides up and tilts down to its original compact configuration.

(7) Transportation: The robot is now ready for the transportation phase. The casualty is
brought to the medical area for further treatment.

4.2. Neck Securing Device

Another critical concern about the ResQbot 1.0 design is the loading process, which
begins with the casualty’s head. In our previous work, presented in [19,23], we deemed the
process to be safe and to satisfy the safety metrics, based on the experimental evaluations
(we refer readers to [19,23] for more details on the experiments). Nevertheless, this process
still raises safety concerns in terms of potential damage to the casualty’s head and neck
upon initial contact (see Figure 2b).

To address this safety issue, we propose a novel neck securing device (NSD) as a new
safety feature of ResQbot 2.0, which required a new and innovative design. The main
purpose of the NSD module is to properly secure the neck and critical parts of the head to
avoid excessive bending of the cervical spine and hard impact during loading. We propose
an NSD that uses inflatable material. There are at least two main works (see Figure 7a,b)
that inspired our design of the inflatable NSD module. In [30,40], the authors proposed
a head support system for the SAVER robot designed to grasp the injured person and
stabilise the head and neck while gently pulling the casualty onboard. This mechanical
system comprises a linear actuator, a tension spring, a string-rigged pulley differential
mechanism, and a pair of head pads. The string-rigged pulley differential mechanism is
a device that connects the head support pads in order to apply force equally to the right
and left sides of the head. Each pad can assume an asymmetric final position, which gives
the device the ability to stabilise the head and neck in the position in which the patient is
originally encountered. The tension string minimises discomfort and allows a safe and
stable hold while restricting the motion of the head. The concept for this head support
mechanism is shown in Figure 7a.

Inflatable systems such as airbags and life jacket mechanisms were investigated for
possible implementation in the proposed NSD system. The Hovding inflatable cycling
helmet presented in [59,60] is one of the inflatable systems considered for the proposed
NSD system. It has a collar that is worn around the neck that inflates when sensors indicate
that a crash has occurred. Another option is the work presented in [61], which shows
various inflatable objects that can be fabricated by the Printflatables platform.

This work combines the design concept inspired by [30,40] and the inflatable object
technology shown in [59,61] to develop the NSD for ResQbot 2.0. Figure 7c illustrates the
proposed concept, which uses inflatable material. We investigated several designs, all with
the same fundamental concept that the inflatable device should cover and surround the
casualty’s head and neck up to the shoulders, as illustrated in Figure 7c.
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Figure 7. Several concepts of protecting the head from possible injuries. (a) The head support system
proposed in [30,40] to immobilise the head during casualty extraction. (b) Hovding inflatable cycling
helmet, as presented in [59,60], that protects the cyclist’s head during a crash. (c) Proposed neck
securing device (NSD), using the inflatable mechanism proposed for the ResQbot 2.0 design.

The requirement for the integration of the NSD in the stretcher bed (belt conveyor)
system was that the NSD should be able to slide down along the bed to the ground and
slide back up around the bed end. The NSD does not require a separate actuator for the
sliding movement. The movement of the NSD relies on friction between the NSD and the
conveyor belt. The NSD is placed on top of the conveyor and attached to linear guides
on both sides of the NSD to constrain its movement only along the stretcher bed. Figure 8
illustrates the updated procedure to load casualties by means of the NSD system. This
procedure is an extension of Step 4 in Figure 6.

Figure 8. Illustration of the updated procedure to load casualties by means of the NSD system. This
procedure is an extension of Step 4 in Figure 6. (4a) Once the robot achieves the desired loading
configuration, the NSD module is sliding down, approaching the casualty. (4b) The NSD frame
is placed in the desired position so that the casualty’s head and neck are in the NSD frame centre.
(4c) The inflatable system of the NSD then slowly inflates and stabilises the casualty’s head and
neck. (4d) Initiating the casualty loading process by synchronising the movement of the base and the
motion of the belt conveyor.
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5. Results and Discussion

5.1. ResQbot 2.0 Design Results

Figure 9 shows the final CAD design for ResQbot 2.0—a novel mobile robot stretcher
bed with an inflatable neck securing device. ResQbot 2.0 consists of six main modules:

• A differential-drive mobile base that provides mobility and flexible manoeuvrability
in typical urban and indoor terrains.

• A stretcher bed tilting module that enables ResQbot 2.0 to adjust the optimal loading
angle for safe casualty extraction procedures. This module is driven by a linear
actuator, and a bar linkage mechanism adjusts the bed’s tilting angle.

• A stretcher bed sliding module that enables the robot’s stretcher bed to slide up and
down in order to switch between the loading configuration (for loading a casualty) and
the compact configuration (for general robot navigation and casualty transportation).
This module consists of rail mechanisms at both sides of the robot’s stretcher bed that
allow the bed to slide smoothly along its frame and a lead-screw mechanism that
drives the bed’s linear movement.

• A motorised stretcher bed conveyor module is essential in order to enable ResQbot
2.0 to gently load a casualty by synchronising the conveyor belt’s loading movement
with the movement of the mobile base (see the loco-manipulation approach presented
in [19,23]).

• A pair of motorised stretcher strap modules that enable ResQbot 2.0 to secure, stabilise,
and immobilise the casualty on the robot’s stretcher bed in order to prevent any
undesired movement that could cause additional harm to the casualty.

• A neck securing device module that consists of a rigid frame and several components
that inflate and surround the casualty’s head and neck up to the shoulders in order to
prevent any undesired impact during the casualty loading procedure. It also stabilises
and immobilises the casualty’s head and neck during the extraction process.

Figure 9. The ResQbot 2.0 design comprises seven main novel components: A differential-drive mobile base; a stretcher bed
tilting mechanism; a stretcher bed sliding mechanism; a motorised stretcher bed conveyor module; a pair of motorised
stretcher strap modules; and a neck securing device module.

5.2. The ResQbot 2.0 Assembly

Figure 10 shows the fully assembled ResQbot 2.0 in the compact (Figure 10a) and
loading configurations (Figure 10b). In the following subsections, we discuss each main
module and mechanism.
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Figure 10. The fully assembled ResQbot 2.0. (a) The compact configuration is used for general
navigation and casualty transportation. (b) ResQbot 2.0 in the loading configuration, allowing the
robot to adjust its configuration to the optimal loading angle to perform the casualty extraction
procedure safely.

5.2.1. Differential-Drive Mobile Base

ResQbot 2.0 is designed to use a differential-drive mobile base module for mobility.
This module provides fast and flexible manoeuvrability in flat terrain typically found
in urban and indoor environments. The mobile base platform is a customised version
of a commercially available powered wheelchair—Quickie Salsa-M—manufactured by
Sunrise Medical [62]. This mobile base has a versatile design and is stable since it was
designed to transport a disabled person both indoors and outdoors. The differential-drive
wheels are located at the centre to enable a compact turning circle. In order to ensure
its stability and safety while manoeuvring, this platform is equipped with an all-wheel
independent suspension and anti-pitch technology suitable for use on rough or uneven
terrain. Moreover, this platform was designed to carry loads up to 140 kg, which makes
it suitable for the ResQbot 2.0 application: To carry an average-size casualty weighing
approximately 80–100 kg [62]. Other important reasons for choosing this mobile platform
are its mission range and its maximum operational speed. This mobile base can cover up
to 32 km with a 60 Ah battery [62], and it has a maximum speed of 10 kph [62]. Figure 11a
shows the differential-drive mobile base module.

Figure 11. ResQbot 2.0 main modules. (a) Differential-drive mobile base module. (b) Stretcher bed tilting module. (c) The
bed’s sliding-rail mechanism. (d) The motor drive and the lead-screw mechanism that enable the stretcher bed to slide.
(e) The motor drive and transmission system of the conveyor module. (f) The rotary encoder of the conveyor module, which
allows feedback control to synchronise the conveyor and mobile base speed during the casualty loading process. (g) DC
motor to drive the strap fastening and securing mechanism. (h) The stretcher strap module attached to the stretcher bed.
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5.2.2. Stretcher Bed Tilting Module

The bed’s tilting mechanism is the powered seat-tilt mechanism used on the Quickie
Salsa-M. This tilting mechanism can be adjusted to an angle between 0 and 30 degrees [62].
The tilting mechanism is driven by a linear actuator connected to bar linkage systems. This
mechanism enables ResQbot 2.0 to assume the optimal loading angle for safe casualty
extraction. Figure 11b shows the bed’s tilting mechanism.

5.2.3. Stretcher Bed Sliding Module

The bed’s sliding module is designed to allow the stretcher bed to slide down (load-
ing configuration) and slide up (compact transport configuration) during the casualty
extraction process (see Figure 6). This module consists of two main mechanisms: The rail
mechanism (see Figure 11c) and the lead-screw mechanism (see Figure 11d).

The sliding rail mechanism holds the stretcher bed on the fixed frame and allows it
to slide along one axis. The mechanism bears the maximum load of the bed. Eight pairs
of chrome steel metal dual V-wheels are used for the roller mechanism that holds the
aluminium V-slot extrusion (i.e., the rail). This mechanism is recommended for accurate
linear motion and has a high load capacity [63]. We installed four pairs of V-wheels on
each side of the bed (eight pairs in total) to support a maximum load of 120 kg, including
the casualty’s weight.

To drive the sliding module, the bed’s sliding-rail mechanism is connected to a lead-
screw mechanism driven by a motor with a modular belt-pulley transmission system that
allows the bed to slide up and down in order to load a casualty. During the design process,
we considered several different mechanisms for this module: A ball screw, rack and pinion,
lead screw, and winch were considered. Insights from the literature and expert opinions
were obtained in order to evaluate the advantages and disadvantages of the different
options, particularly with regards to cost-effectiveness, reliability and size, and the lead-
screw mechanism was considered to be the most suitable. Even though it is not the most
efficient in terms of friction, it allows for precise movement control, easy assembly, and is
the most cost-effective solution, given budget constraints. Obviously, precise movement
control is a critical parameter in the ResQbot 2.0 design specification since it is directly
linked to safety.

5.2.4. Stretcher Bed Conveyor Belt Mechanism

Similar to its predecessor (ResQbot 1.0), ResQbot 2.0 is equipped with an active
stretcher bed module that actively pulls the casualty’s body up during the casualty extrac-
tion procedure. While the stretcher-bed module in ResQbot 1.0 is only capable of loading
half of the casualty’s body, the stretcher bed module in ResQbot 2.0 is designed to load the
entire body of an average-size human casualty.

This stretcher-bed module incorporates a conveyor belt capable of transporting a
maximum payload of approximately 100 kg at its maximum power. The conveyor belt is
powered by a 240 V DC motor controlled through a driver module powered by a 240 V
AC onboard power inverter. A pulse-width modulation (PWM) control signal is used to
control the motor’s speed. Figure 11e shows the electric motor and pulley-belt transmission
system driving the conveyor belt.

In order to allow a closed-loop control for the conveyor belt’s speed, the conveyor belt
module is equipped with an incremental rotary encoder connected to the conveyor’s pulley
(see Figure 11f). This closed-loop control is essential in order to synchronise the conveyor
belt’s speed and the speed of the mobile base during the casualty loading process, which
uses the loco-manipulation method, as explained in Section 4.

5.2.5. Stretcher Strap Mechanism

For safe transportation, the casualty has to be safely placed onto the stretcher bed, and
the stretcher strap modules secure the casualty during transportation. The ResQbot 1.0
stretcher strap design was effective, catering to many different body sizes as well as being
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safe. However, the ResQbot 2.0 two stretcher strap modules are attached to the stretcher
bed module to accommodate a casualty’s entire body. One strap module secures and
stabilises the casualty’s torso, and the other secures the legs. Each strap module is driven
by a 24 V DC motor (see Figure 11g). These motors are controlled to fasten and unfasten the
straps during the casualty-extraction procedure. The straps’ fastening force is controlled by
regulating the motors’ power so that it is sufficient to secure the casualty without exerting
too much pressure on the casualty’s body. Figure 11h shows the stretcher’s strap module.

5.2.6. Neck Securing Device Module

The neck securing device (NSD) features three main components/mechanisms: (1) A
frame designed to be as compact as possible and encase all the safety mechanisms im-
plemented on the NSD; (2) inflatable components that are the main protection against
any cervical spine and head injuries during the loading procedure; and (3) a sliding rail
mechanism that guides the NSD when it moves up or down along the belt.

The NSD frame was designed to cover the casualty’s head and neck up to the shoul-
ders, as illustrated in Figure 7c. The frame’s design allows sufficient space between the
casualty’s head, neck, and the frame in order to prevent any direct contact. The NSD slides
along the bed to the ground and slides back up around the bed end. For that reason, the
back of the device is curved to allow a smooth up and down motion (see Figure 12a).

Figure 12. Design of the NSD module. The NSD module features three main components: An NSD
frame, inflatable components, and a sliding guide mechanism. (a) The design has a curved shape
to enable smooth loading up and down during the operation. (b) Design of the NSD inflatable
components that support the casualty’s head and neck during the extraction procedure. (c) The NSD
module. (d) The NSD sliding rail mechanism that allows it to slide up and down along the stretcher
bed module.

The NSD inflatable components consist of three separate inflatable modules: One lifts
and supports the back of the head, and two support the neck, as shown in Figure 12b. The
inflatable modules are inflated by means of a pressurised air chamber that is controlled
by a solenoid valve. In order to fully support the neck and head, the inflatables curve
around the neck to stabilise the head and prevent unwanted movement. The neck support
modules support the neck from each side, and during inflation, the modules slightly lift
the neck and support it from the bottom. This allows the head to bend back slightly to
facilitate unblocking the respiratory tracts. Figure 12c shows the inflatable components of
the NSD module.
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In order to guide the NSD up and down the stretcher bed, a pair of sliding guides
were developed. They consist of two long rails attached to each side of the stretcher bed, a
rod that slides up and down along the rails, and two pin joints connecting each side of the
NSD frame to the sliding rod. Figure 12d shows the NSD sliding rail mechanism.

5.3. ResQbot 2.0 Casualty Extraction Simulation

In order to evaluate the ResQbot 2.0. design, we built a model using the Gazebo
physics engine simulator to simulate the casualty extraction procedure (illustrated in
Figures 5 and 7). Figure 13 shows the sequential snapshots (a,b,c) of ResQbot 2.0 carrying
out a simulated casualty extraction. The simulation demonstrates the proposed casualty
extraction method introduced in Section 4. The snapshot images show that the ResQbot
2.0 design enables it to successfully carry out the complete casualty extraction procedure.
Additionally, upon the publication, we will upload any additional experiment results and
videos to the ResQbot web page, including the link to the open-source Gazebo simulation
model of ResQbot 2.0 (https://www.imperial.ac.uk/robot-intelligence/robots/resqbot/
(accessed on 15 May 2021)) [64].

Figure 13. Sequential snapshots (a–c) of ResQbot 2.0 carrying out a simulated casualty extraction, as
proposed in Section 4.

6. Conclusions and Future Work

In this work, we propose ResQbot 2.0, a novel design for a mobile rescue robot used
for casualty extraction. It is a stretcher-type casualty extraction robot capable of safely
performing casualty extraction using a loco-manipulation approach that is synchronised
with a conveyor belt (a component of the ResQbot 2.0 stretcher bed module) and a mobile
base to gently load a casualty from the ground onto the robot’s stretcher bed. We propose
a new casualty extraction procedure using the novel features in ResQbot 2.0 in order to
ensure a safe casualty extraction routine. We verified the proposed design and the casualty
extraction procedure by conducting simulation experiments in the Gazebo physics engine
simulator. Based on the simulation results, the ResQbot 2.0 design is a feasible option to
successfully carry out a safe casualty extraction.

Ongoing work has been focused on the design and development of the ResQbot 2.0
platform. Unfortunately, due to the COVID-19 pandemic, currently we are only able to
verify the design and development results using Gazebo, a physics engine simulator. In
future work, we are eager to conduct an extensive number of physical experiments that
we have developed to evaluate the ResQbot 2.0 performance during casualty extraction
tasks in terms of safety, reliability, efficiency, and its limitations under various conditions.
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Human-robot teaming in several rescue scenarios could also be studied in depth in order to
enable humans to successfully work together with ResQbot and increase the performance of
the rescue missions. Moreover, since we have developed the open-sourced full model of the
ResQbot 2.0 design for the Gazebo simulator, more advanced simulation experiments, such
as a complete scenario of autonomous casualty extraction experiments, can be explored in
the future works. The future generation of ResQbot evolution could support concurrent
therapies, such as supplemental oxygen and other patient life supports, as well as the easy
accessories attachment, such as air monitoring devices in CBRN incidents and cameras in
other incidents.
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Abstract: This paper deals with the optimal design of a planar cable-driven parallel robot (CDPR),
with three degrees of freedom, intended for assisting the patient’s affected upper limb along a
prescribed movement. A Qualisys motion capture system was used to record the prescribed task
performed by a healthy subject. For each pose taken by the center of mass of the end-effector, the cable
tensions, the elastic stiffness and the dexterity were optimized while satisfying a set of constraints.
First, a multiobjective formulation of the optimization problem was adopted. Since selecting a single
solution among the multiple ones given by the Pareto front presents an issue, a mono-objective
formulation was chosen, where the objective function was defined as a weighted sum of the chosen
criteria. The appropriate values of the weighted coefficients were studied with the aim of identifying
their influence on the optimization process and, thus, a judicious choice was made. A prototype
of the optimal design of the CDPR was developed and validated experimentally on the prescribed
workspace using the position control approach for the motors. The tests showed promising reliability
of the proposed design for the task.

Keywords: planar CDPR; prescribed task; optimization problem; multiobjective formulation; mono-
objective formulation; position control approach; validated experimentally

1. Introduction

Functional rehabilitation aims to recover as much as possible of the patient’s locomo-
tion independence. It requires the assistance of a therapist to perform repetitive exercises
for an injured member [1]. Task-oriented protocols, where the patient is assisted to perform
a specific prescribed movement, such as kicking a ball or standing up and walking, show
promising outcomes compared to the conventional training based on passively moving the
impaired joints in the limits of their range of motion [2].

Rehabilitation sessions can last up to several weeks [3]. In addition, to guarantee a
better quality of the followed protocol, one-to-one assistance is needed [4]. However, the
limited number of available therapists influences the high-intensity and the repetition of
the assistance. Given these issues, researchers have developed robotic devices to assist
practitioners’ tasks [5–9]. They also provide the opportunity to assess the patient’s recovery
progress and monitor protocol efficiency; for instance, by using ARMin [10], the ARM
Guide [11], and the MIME [12].
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The robotic devices used for clinical practice allow mainly the rehabilitation of the knee,
the shoulder and the elbow [13]. Cable-driven parallel robots (CDPRs) [14] can be used to
extend the coverage of existing robotic platforms since they allow rehabilitation of other
joints [13]. They have also a larger translational workspace, less dynamic inertia and higher
flexibility compared to serial manipulators [13]. Thanks to their simple reconfiguration
and light weight, they have no setup constraints and can be used at the patients’ personal
spaces to reduce the need to move to rehabilitation centers.

Various studies have been carried out dealing with the design [15], control [16–18] and
the structural optimization of CDPRs. In [19], Lorenzo et al. studied the optimal position
of the cable exit points allowing minimization of CDPR size for fully constrained and
suspended configurations. In this work, the location of the cable exit points was supposed
to be fixed, which was an unrealistic assumption. In [20], Hussein et al. optimized the CDPR
geometry by minimizing the maximum cable tensions. This criterion could not guarantee
minimum cable tensions since only the maximum value was optimized. Abbas et al. [21]
studied the optimal design of a suspended CDPR using first the workspace area, then the
global condition index, which describes the robot dexterity, as two separated objective
functions and, thus, only one criterion in each optimization was used. Yangmin et al. [22]
studied first, the optimal design of a CDPR taking into consideration the dexterity then the
elastic stiffness as criteria, then a multiobjective optimization approach was used mixing
the two characteristics. The selection of each criterion weight was chosen in a way that
either the system was preferred to be more dexterous or stiffer. The authors chose to give
the same importance to the two criteria. Such a choice can be improved by studying the
influence of the variation of each coefficient on the objective function and on the criteria.

The gaps presented above are taken into consideration in this paper. The goal is to
design a planar CDPR for upper limb rehabilitation. The prescribed exercise consists of
tracing the number eight shape with the hand. This form was used among others since it
involves shoulder and elbow motions [23]. The rehabilitation of the wrist joint was also
considered since the hand orientation was not fixed. The cable tensions, the elastic stiffness
and the dexterity were selected as the problem criteria. The choice of each criterion weight
was justified, and the design parameters were set in a way to obtain a realistic design. This
design problem can be formulated as a constrained optimization problem. Thus, this paper
aims to design an optimal planar CDPR, based on the above-mentioned criteria, able to mo-
bilize the patient’s affected upper limb along the prescribed task. The design optimization
problem was formulated after considering the disadvantages of some proposed approaches
introduced above. Once the optimal structure was selected, an experimental prototype was
developed allowing a check of solution feasibility and reliability.

The paper is organized as follows: Section 2 details the experimental protocol followed
to record the prescribed task. The planar CDPR model is presented as well as the criteria
and the constraints adopted to seek the optimal design. In Section 3, the optimization
results, using a multiobjective formulation then an adapted mono-objective formulation,
are discussed and the experimental validation using a developed prototype is shown. The
last section concludes the paper.

2. Materials and Methods

2.1. Prescribed Exercise Analysis

Rehabilitation aims to recover the functional abilities of the affected member by
performing intensive and repetitive training [1]. The chosen exercise for this study was
commonly performed for upper limb rehabilitation. It consisted of tracing with the hand
an “8” curve. This exercise allows the rehabilitation of the three upper limb joints.

A healthy subject was asked to perform the prescribed drill in order to obtain a normal
trajectory to use as a reference. This exercise involved five joints’ movements, namely the
three rotations of the shoulder and the flexion/extension motion of the elbow and the
wrist. The participant’s gestures were recorded using a Qualisys motion capture system
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with five infra-red cameras and five reflective markers attached to his hand as illustrated
in Figure 1. Figure 2 illustrates the steps followed for the data acquisition.

 
(a) (b) 

Figure 1. (a) Motion capture setup; (b) Marker locations.

Figure 2. Data acquisition steps.

The hand trajectory was defined by tracking the successive positions taken by the
marker H3 during the prescribed exercise. Hand orientation was delimited by computing
the rotation angle between a local frame (H3, x, y) attached to the participant’s hand and a
global frame (O, X, Y) attached to the table as illustrated in Figure 3. Since the patient’s
hand was attached to the robot end-effector, the recorded data, given in Figure 4, were
used to define the robot’s prescribed workspace.
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Figure 3. Local and global frames.

  
(a) (b) 

Figure 4. (a) Hand trajectory (composed of 331 equidistant points); (b) hand orientation. “+” denotes the starting and the
ending position.

2.2. Optimal Synthesis Problem and Its Formulation

A planar cable-driven parallel robot with three degrees of freedom (DOFs) is con-
sidered in this paper. Since at least one more cable than the DOFs was needed to fully
constrain the robot, four cables were used [24]. Their mass and elasticity were neglected.
They were modeled as straight lines. The design process consisted of finding the optimal
position of each actuator and the end-effector size satisfying a set of criteria and constraints.
The motors’ positions were defined using the parameters ai and bi, which represent the
coordinates of the center of the pulley Pi, fixed on the ith actuator. The mobile platform was
considered as a square of side c (see Figure 5). The design vector is given by Equation (1).
The global and the local frames (X, Y) and (x, y), respectively, matched those represented
in Figure 2, used for the motion capture analysis.

I = [a1, b1, a2, b2, a3, b3, a4, b4, c], (1)

ni denotes the unit vector along the ith cable. It is defined as follows, where ψi and θi
are expressed as given in Equation (2). Li is the length of the ith cable and Rp is the
pulleys’ radius. Rp is considered to be fixed, since the cable radius and the coiling effects
are neglected.
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Figure 5. Geometric representation of the planar robot.

n1 =

[ − sin (ψ1 + θ1)
− cos (ψ1 + θ1)

]
, n2 =

[
sin (ψ2 − θ2)
− cos (ψ2 − θ2)

]
,n3 =

[
sin (ψ3 + θ3)
cos (ψ3 + θ3)

]
, n4 =

[ − sin (ψ4 − θ4)
cos (ψ4 − θ4)

]
, (2)

ψi = tan−1(
|Pix −Bix |∣∣∣Piy −Biy

∣∣∣ ), (3)

θi = tan−1
(

Rp

Li

)
, (4)

The end-effector dynamic model was obtained using Newton-Euler formulation with
the assumption of neglecting the cables mass and the dynamics of the pulleys. Its expression
is given by Equation (5).[

∑ F

∑ M
]
= M

..
χ+ C

.
χ = JTT + fg + Fext/EE, (5)

where M =

[
mpI3×3 03∗3

03×3 RΦ Ip RΦ
T

]
and C =

[
03×1

ω× RΦIp RΦ
Tω

]
are the mass and

the Coriolis matrices, respectively. mp and ω are the mass and the angular velocity
of the end-effector, RΦ is the rotation matrix, Ip denotes the inertial matrix of the mo-
bile platform written in its center of mass, χ = [x y Φ]T is the pose vector of the end-
effector, JT is the transpose of the Jacobian matrix given in Equation (6), and T, fg, and
Fext/EE are the cable tensions vector, the gravity force and the external forces applied on
the end-effector, respectively.

JT =
[
ni Z·(RΦ·Bi)× ni

]T, i = 1..4, (6)

Bi is the vector containing the anchor points coordinates (Bi) in the local frame.
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Thus, the expression of the cable tensions vector T can be deduced using Equation (5)
as follows:

T = Tp + Th =
(

JT
)+(

M
..
χ+ C

.
χ− fg − Fext/OL

)
+ λ Null

(
JT
)

(7)

where Tp and Th are the particular and the homogenous solutions,
(
JT
)+ is the Moore-

Penrose pseudoinverse and λ is an arbitrary scalar. The cable tensions must be bounded
between a minimum positive and a maximum value in order to avoid slack and over-
tensioned cables. This condition forms the first problem constraint, which is formulated
as follows:

0 < Tmin ≤ Ti(j) ≤ Tmax, i = 1..4, j = 1..n (8)

where n is the number of points composing each trajectory, Ti(j) is the tension of the ith

cable at the jth position.
The second constraint concerns the collisions between the cables and the end-effector.

to prevent this issue, the angle αi between the mobile platform and the ith cable is computed
for each position of the prescribed trajectories. αi must remain higher than a limit angle
αlim. The formulation of the collision constraint is given as follows:

αi = cos−1
(
ni .

mi

‖mi‖
)
> αlim, i = 1..4, (9)

where m1 = −m4 = B1B4, m2 = −m3 = B2B3, and ni is the unit vector along the ith cable
as illustrated in Figure 5.

The last constraint concerns the location of the points Pi. They must be located on
the edges of the square forming the robot fixed frame. This constraint facilitates the robot
reconfiguration when any other trajectory, included in the robot workspace, is selected.

The 4 × 3 Jacobian matrix J of the considered robot includes components of different
physical units since the latter has mixed DOFs. To have a meaningful value of the condition
number, the Jacobian matrix must be normalized allowing assessment of the closeness of a
pose to a singularity. In order to settle the dimensional inhomogeneity, several methods
have been suggested based on dividing the rotational elements of the Jacobian matrix J by
a conventional length L. Lee et al. defined L in [25] as a nominal length represented by the
distance between the origins of the global and the local frames. Angeles introduced in [26]
the notion of natural length, which is the value of L that minimizes the condition number.
This length is approximated to the radius of the end-effector [27]. The latter method was
adopted in this paper. The homogenous Jacobian matrix, Jh, of size 4 × 3, is calculated as
given by Equation (10), where c is the side length of the mobile platform.

Jh = J·diag
(

1, 1,
2

c
√

2

)
, (10)

Three criteria are considered for the optimization problem formulation, namely mini-
mizing the tension in each cable and maximizing both the elastic stiffness and the dexterity
of the end-effector. The first, the second, and the third criteria are characterized using the
parameters C1, C2, and C3, respectively, as follows:

C1 =
1
4

4

∑
i=1

∑n
j=1 Ti(j)

n .max
j=1..n

Ti(j)
, (11)

C2 = 1 − 1
n

n

∑
j=1

λmin (j)
λmax (j)

, (12)

C3 = 1 − 1
n

n

∑
j=1

σmin (j)
σmax (j)

, (13)
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where λ and σ are the eigenvalue of the cable stiffness matrix and the singular value of
the normalized Jacobian matrix Jh. The maximum value of the ratios λmin

λmax
and σmin

σmax
is 1,

thus, maximizing the elastic stiffness and the dexterity leads to minimizing the parameters
C2 and C3.

3. Results and Discussions

3.1. Multiobjective Formulation

The multiobjective formulation is given in Equation (14). A penalty formulation was
adopted to handle the problem constraints.⎧⎨⎩

min(C1(I) + ℘1 + ℘2 + ℘3),
min(C2(I) + ℘1 + ℘2 + ℘3),
min(C3(I) + ℘1 + ℘2 + ℘3),

(14)

℘1 =

{
0 if 0 < Tmin ≤ Ti(j) ≤ Tmax
ψ otherwise

, (15)

℘2 =

{
0 if αi > αlim
ψ otherwise

, (16)

℘3 =

{
0 if Pi ε fixed frame
ψ otherwise

, (17)

where ℘i, i=1,2,3 are the penalty functions and ψ is a large scalar.
Multiple solutions coexist forming the Pareto front displayed in Figure 6. Without

adding supplementary information about the desired result, all the nondominated points
form a potential optimal solution.

Figure 6. The Pareto front.
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In order to facilitate its interpretation, two dimensions representations of the Pareto
front are given. Figure 7 shows the cable tension vs the elastic stiffness criteria, the cable
tension vs dexterity criteria, the dexterity vs the elastic stiffness criteria and the histogram
of each criterion. The three criteria are normalized, and their values vary from 0 to 1.

 
Figure 7. Bi-objective visualizations of the Pareto front.

The nondominated solutions for each two criteria present the preferable solutions if
only the two corresponding objectives are considered. For the overall problem, the most
desirable results are those which lay within the nondominated solutions of all the pairs
illustrated in Figure 7. For the Pareto front presented above, the selection of the optimal
solution was complicated since each solution minimized no more than two criteria and
maximized those remaining. Additional subjective preference information was, therefore,
needed to facilitate the decision-making.

3.2. Mono-Objective Formulation

Another method can be used for the resolution of a multiobjective optimization
problem. This technique, called the scalarization method [28], consists of attributing a
weight to each criterion that corresponds to the priority given to this objective in the
optimization process. This method allows a single solution. Based on this technique, the
modified optimization aims to find the optimal design vector I∗ which minimizes the new
objective function F , defined as a weighted sum of the three subfunctions introduced
above. The optimization problem is then formulated as follows:

min(F (I)),
Subject to

0 < Tmin ≤ Ti(j) ≤ Tmax, i = 1..4, j = 1..n

αi > αlim, i = 1..4

Pi ε fixed frame, i = 1..4

(18)
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The problem constraints are handled using a penalty approach. F is then expressed
as follows:

F (I) = β1C1(I) + β2C2(I) + β3C3(I) + ℘1 + ℘2 + ℘3, (19)

where ℘i, i=1,2,3 are the penalty functions given by the Equations (15)–(17) and β1, β2 and
β3 define the weight of each criterion. These coefficients must verify Equation (20).

3

∑
i=1

βi = 1, (20)

Three strategies have been used in the literature to compute the values of the coef-
ficients βi [29], namely, the equal weights method [30], the rank order centroid weights
method [31] and the rank-sum weights method [31].

The equal weights method was used in our previous work [32]. In this paper, a
deeper study of the appropriate values of these weighting coefficients is conducted in
order to identify the impact of each coefficient on the quality of the final solution and the
optimization process. A mapping of the global objective function and those corresponding
to the three criteria is computed for all the possible coefficient values inside the interval (0,1)
with respect to Equation (20), using the Particle Swarm Optimization algorithm (PSO) [33].
The computed variations are illustrated in Figure 8.

  
(a) (b) 

  
(c) (d) 

Figure 8. Variation of (a) the cable tension criterion, (b) the elastic stiffness criterion, (c) the dexterity criterion and (d) the
objective function along the prescribed movement vs β1 and β2 (β3 = 1 − (β1 + β2)).
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Referring to Figure 8d, the objective function decreases with β1. This means that the
cable tension criterion C1 has the greatest impact on the objective function F compared to
the other coefficients β2 and β3. Thus, having a structure with a minimum cable tension
distribution is easier than generating good dexterity and elastic stiffness.

As illustrated in Figure 8c, the dexterity criterion C3 is nearly equal to 0.3 (C3 ∈ [0.3, 0.33]
for β3 = 0 and C3 = 0.28 for β3 = 1). Thus, according to Equation (13), the robot dexterity
remains between 0.67 and 0.72. In other words, it takes good values even when β1 and
β2 are large (β3 is close to zero). This is contrary to the elastic stiffness criterion C2,whose
minimum value is equal to 0.58 for β2 = 1, which corresponds to an elastic stiffness equal
to 0.42 (according to Equation (12)).

Based on this mapping study, since the dexterity has acceptable values for any chosen
β3, the lowest coefficient is given to the criterion C3. The remaining weight is divided
equally between the two other criteria. Thus, β3 = 0.1, β1 = β2 = 0.45.

Several methods exist in the literature allowing the resolution of optimization prob-
lems [34,35]. Particle Swarm Optimization (PSO) was used in this paper to select the
optimal design vector. The different parameters used for the problem resolution are listed
in Table 1. The lower and the upper boundaries of each design parameter are listed in
Table 2.

Table 1. Optimization problem parameters.

Parameter Value

Mobile platform weight [kg] 0.5
Pulley radius [mm] 37
Cable radius [mm] 0.3

Tmin[N] 0.5
Tmax[N] 15
αlim[◦] 2

β1 = β2 0.45
β3 0.1

Population size 100

Table 2. Boundaries of the design parameters.

Parameter a1 b1 a2 b2 a3 b3 a4 b4 c

Lower bounds [m] −0.375 −0.385 0 −0.385 0 0 −0.375 0 0.1
Upper bounds [m] 0 0 0.375 0 0.375 0.385 0 0.385 0.15

The obtained solution, as well as the corresponding values of the objective function
and the three criteria, are given in Table 3.

Table 3. Optimization results.

Parameter Value

Optimal design vector I∗ [−0.375,−0.39, 0.375,−0.26, 0.375, 0.18,−0.375, 0.39, 0.1]
Objective function F 0.35

Cable tension criterion C1 0.124
Elastic stiffness criterion C2 0.588

Dexterity criterion C3 0.3

The maximum cable tension, the elastic stiffness and the dexterity of the optimal robot
structure computed along the task workspace are illustrated in Figure 9. Figure 10 displays
the free collision static workspace of the optimal structure for different values of Φ.
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(a) 

 
(b) 

Figure 9. Cont.
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(c) 

 
(d) 

Figure 9. Optimization results (a) the cable tension distribution, (b) the elastic stiffness distribution,
(c) the dexterity distribution along the task workspace and (d) the arrows signification represented
in (a–c).
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(a) (b) 

 

 

 

 

 

 

 

 

 
(c) 

 

 

 

 

Figure 10. The free collision static workspace (in blue) for (a) Φ = Φmin = −13◦, (b) Φ = 0◦ and (c) Φ = Φmax = 24◦.

4. Experimental Validation

Following the optimization study detailed above, a CDPR prototype, presented in
Figure 11a, was developed. The actuators’ positions and the end-effector size were adjusted
according to the optimal design vector resulting in Table 2. It was composed of a rigid frame
with four actuated pulleys controlling the end-effector poses by means of four cables. The
patient sits near to the robot and grabs the mobile platform with his hand. Figure 11b shows
the prototype representation using QTM (Qualisys Track Manager) software recording the
passive markers’ locations along the end-effector movement.
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(a) (b) 

Figure 11. (a) Robot prototype and (b) its representation using QTM (Qualisys Track Manager) software. Markers are
represented in green.

The prototype was actuated using the Dynamixel MX-106T and equipped with a
feedforward, a PID controller and a gear reducer. The pulleys and the end-effector were
produced using 3D printing. The cables were made of Dacron.

The extended position control mode was used for the actuator commands. The
desired angular positions of the motors were computed using the inverse kinematic model.
Figure 12 presents the block diagram of the robot control.

Desired trajectory  

Desired orientation 

Inverse Kinematic Model 

= [   Φ]  

= [    ] PID 
Actuator

Robot prototype 

= [    ] 

p
Feedforward + +++ 

+ +++− 

Figure 12. Control block diagram.

The angular positions of the pulleys were controlled so that the robot end-effector
could replicate the prescribed exercise. A motion capture system was also used in this
phase to evaluate the performance of the robot by tracking the mobile platform poses
along its movement so that a comparison, illustrated in Figure 13, between the target and
the performed trajectories could be made. This external and global approach allowed
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consideration of all error sources inside and outside the control loop, such as anchor point
errors and the cable’s behavior.

 
 

(a) (b) 

Figure 13. Variations between the desired and the real (a) trajectories and (b) orientations.

In order to assess the robot prototype performance, the mean absolute, the root-mean-
square and the standard deviation position and orientation errors were computed as given
in Table 4.

Table 4. Measured errors between the desired and the performed end-effector poses.

Parameter Equation Value

Mean absolute error
1
n

n
∑

i=1
|Xt(i)− Xm(i)| Position [mm] 10.63

Orientation [◦] 1.64

Root-mean-square error

√
∑n

i=1(Xt(i)− Xm(i))2

n
Position [mm] 13
Orientation [◦] 1.95

Error standard deviation

√
∑n

i=1(ε(i)− ε )2

n − 1
Position [mm] 12.57
Orientation [◦] 1.06

Where Xt(i) and Xm(i) are the true and the measured values corresponding to the ith

position, ε(i) = Xt(i)− Xm(i) is the measured error at the ith position, ε is the mean of ε
and n is the number of points forming the trajectory.

5. Conclusions

This paper aims to find the optimal design of a planar cable-driven parallel robot for
upper limb rehabilitation purposes. For that, an optimization problem was formulated
in which the dexterity, the elastic stiffness and the tension in the cables were the chosen
criteria. Bounding the cable tensions, avoiding collisions with the mobile platform and
controlling the potential positions of the pulleys were the selected constraints. A multi-
objective formulation of the optimization design problem showed different nondominated
solutions for each pair of criteria, which complicated the selection of a single solution. A
mono-objective formulation was then adopted. Weighting coefficients were studied, and
appropriate values were selected. Finally, the validation of the robot optimal design was
carried out using a real prototype to verify its behavior along the given trajectory. Different
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computed errors between the desired and the performed trajectories showed promising
results regarding prototype reliability.
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Abstract: Wheelchair mounted upper limb exoskeletons offer an alternative way to support disabled
individuals in their activities of daily living (ADL). Key challenges in exoskeleton technology include
innovative mechanical design and implementation of a control method that can assure a safe and
comfortable interaction between the human upper limb and exoskeleton. In this article, we present a
mechanical design of a four degrees of freedom (DOF) wheelchair mounted upper limb exoskeleton.
The design takes advantage of non-backdrivable mechanism that can hold the output position without
energy consumption and provide assistance to the completely paralyzed users. Moreover, a PD-based
trajectory tracking control is implemented to enhance the performance of human exoskeleton system
for two different tasks. Preliminary results are provided to show the effectiveness and reliability of
using the proposed design for physically disabled people.

Keywords: wheelchair upper limb exoskeleton robot; ADL assistance; PD control; dynamic modeling
of an upper limb exoskeleton; trajectory tracking; wearable exoskeleton

1. Introduction

Cervical spinal cord injury (SCI) may result in incomplete or complete tetraplegia
and lead to paralysis of all four extremities. Upper limb onset is one of the most profound
impairments that significantly degrades the life of individuals with tetraplegia by compro-
mising independence and social interactions. Moreover, it imposes a substantial financial
burden on society in the long run. While advanced medical and surgical techniques, such
as stem cell therapy, nerve transfer surgery, etc., have been used to restore the upper limb
functionality, in some severe cases, it is hard to achieve desired results. Emerging technolo-
gies, such as assistive robots, can provide an alternative way to facilitate individuals with
physical impairments in activities of daily living (ADL) [1,2] or therapeutic exercises [3,4].

During the past few decades, upper limb exoskeletons used for power amplification
and rehabilitation have attracted intensive attention from the health care and engineering
sectors [5]. However, given the utility and growing demand of exoskeletons for physical
assistance, the technology still faces challenges in mechanical design, controls, and human–
robot interaction. Of them, the mechanical design of a shoulder exoskeleton, including
kinematic and kinetic analysis, is a major issue in developing an ergonomic system [6].
Christensen et al. [7] proposed a new three degrees of freedom (DOF) spherical mechanism
to comply with the human glenohumeral joint movements. The proposed mechanism takes
advantage of the double parallelogram (DPL) mechanism, which connects two revolute
joints to achieve a spherical workspace and maintains a remote center of motion (RCM).
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The results from the biomechanical analysis of the DPL mechanism presented in [7] have
shown its significance for the exoskeleton applications [1]. Similarly, Castro et al. [8]
presented a novel 3-DOF curved scissor mechanism that connects two revolute joints. The
proposed mechanism complies with the human shoulder movements by maintaining the
instantaneous center of rotation. Since the above mechanisms can support complex shoul-
der movements and provide a singularity-free workspace, the passive internal rotation has
made it difficult to use for individual with tetraplegia. Alternatively, several other designs,
including fully active or hybrid mechanisms to comply with the shoulder anatomical
movements, were proposed [9–12]. These exoskeletons support the full range of shoulder
girdle movement by preserving the remote center of rotation, but their effects on sup-
porting the physically impaired people in common ADL have not yet been evaluated [13].
Moreover, flexible and parallel mechanisms have also been investigated to reduce iner-
tial problem, but their size and complexity remain issues to be further addressed. Apart
from the shoulder exoskeletons, exoskeletons that can support human forearm [4,14–17]
and wrist movements [18–20] were developed. Among the existing mechanisms, a direct
drive method and a C-ring mechanism are commonly used to support human forearm
extension/flexion movements and wrist rotation, as reported in [2,5,20,21].

The feasibility of using an upper limb exoskeleton cannot only be proved by its design.
Selection of a control method for improved physical human–robot interaction (pHRI) is
essential for successful implementation and user acceptance. Regarding the trajectory
tracking problem, proportional-derivative (PD) and proportional-integral-derivative (PID)
controllers have been widely investigated for the different types of exoskeletons. Ease
of implementation without having prior knowledge of robot dynamics and an ability to
independently tune the control parameters have made the PD/PID control method among
the most widely used control schemes [22]. However, in the PID controller, an integrator
usually reduces the bandwidth of a closed loop system and removes the steady state
error caused by extensive disturbance and uncertainties. Alternatively, a high value of
the integrator gain may compromise the transient performance and destroys the system’s
stability. Therefore, many robotic manipulators, including exoskeletons, use purely PD
control or PD control with relatively small integral gain [1,22–24]. It is known that a PD
controller can guarantee a semi global asymptotic stability after appropriately tuning the
gains [23,24].

Several studies have been conducted to modify the linear PID controller that can guar-
antee an asymptotic stability. For example, PD control with sliding mode compensation [25],
PD-based fuzzy sliding mode control [1], PD control with neural compensation [22] and so
on. It is well understood that the PD controller can guarantee the stability for the robotic
manipulators, but the asymptotic stability cannot be achieved if the robot dynamic contains
gravitational torque. The exoskeleton presented in this study is designed to safely support
the user in their ADL, especially the C-ring mechanism designed for shoulder and wrist
rotation and the worm gear used to drive the elbow joint exoskeleton to hold the output
position without energy consumption because of its non-backdrivability [26]. Moreover,
hard constraints in the joint mechanisms may not allow the users to move beyond the
safety limits.

In this paper, we present a PD control in the joint space to control the four degrees of
freedom (DOF) upper limb exoskeleton robot [2] and investigate its effect as an assistive
device to support individuals with physical impairments of the upper limbs in a set of
ADLs. The contribution of the article can be summarized as follows.

1. The proposed design can support the human upper limb musculoskeletal structure
in basic ADL by providing a kinematically safe and singularity-free workspace. The
deign along with the PD control is able to provide a satisfactory tracking performance.
It is hypothesized that the trajectory tracking for C-ring mechanism and worm gear
mechanism is less prone to the variation in payload, weight of human arm, and
exoskeleton due to its ability to hold the output position without energy consumption.
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2. The integration of the upper limb exoskeleton with the CarbonHand glove (BioServo
Technologies AB, Kista, Sweden) offers a new paradigm that not only supports the
user in manipulation but facilitates them also in hand opening and closing. The
experimental evaluation has shown that the proposed design with the PD control
scheme is appropriate in performing several ADLs, such as eating/drinking.

The paper is organized as follows. The mechanical design of a wheelchair exoskeleton
is presented in Section 2 together with the kinematic modeling required to fulfil the task
requirements in operational space. The dynamic model of the upper limb exoskeleton
along with the PD control scheme is presented in Section 3. Moreover, the PD controller
implementation along with the experimental results on the wheelchair exoskeletons is
illustrated in Section 4. Subsequently, a discussion on the exoskeleton performance and
its potential future directions are presented in Section 5. The work is finally concluded
in Section 6.

2. Upper Limb Exoskeleton Robot

2.1. Mechanical Design

This section presents a design of an adaptive 4-DOF upper limb wheelchair mounted
exoskeleton that can actively support the wearer in performing their activities of daily
living, such as eating and drinking. The exoskeleton was designed after carefully analyzing
the human upper limb biomechanics. To reduce the complexity of the human biomechanics,
several studies have modeled the human arm as 7 degrees of freedom kinematics system
by enforcing the simplifications to the upper limb joints and segments [27]. However, we
have noticed that the 4-DOF exoskeleton is sufficient for the most common ADLs and
keeps the workspace of the human upper extremity intact.

The exoskeleton in Figure 1b is designed as an open-chain structure to replicate the
anatomy of human right upper limb and provides a controllable assistive torque to each
joint. To describe the design and complete functioning of a robotic exoskeleton, we have
separated the design into three sub-modules, i.e., shoulder joint mechanism, elbow module
and a wrist module.

(a) (b)
Figure 1. Overview of a 4-DOF wheelchair exoskeleton. (a) Mechanical model of 4-DOF upper limb exoskeleton. (b) A
prototype of a wheel chair exoskeleton with carbon hand developed from SEM glove (Supplementary Materials).

The human shoulder (Glenohumeral) joint is modeled as a 3-DOF spherical joint
that describes the orientation of the human upper arm. These three successive rotations
are abduction/adduction, extension/flexion, and internal/external rotation. Hence, an
open chain serial mechanism with three revolute joints whose axes of rotation intersect
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at a common point is kinematically equivalent to a spherical joint. Based on this obser-
vation, we have designed a shoulder mechanism that can actively support the 2-DOF
glenohumeral joint movements such as shoulder extension/flexion movement and shoul-
der internal/external rotation, as shown in Figure 1a. The shoulder abduction/adduction
movement is passively adjustable. Locking the upper arm abduction movement will
prevent the user from moving beyond the wheelchair workspace, causing uncomfortable
interaction with an external environment. The complete design of the shoulder mechanism,
shown in Figure 1a, is able to preserve the dynamic center of rotation throughout its
workspace. The exoskeleton’s extension/flexion is achieved by a direct drive brushless DC
motor (EC-i40) and a CSD-17-80-2A-R harmonic drive to amplify the motor torque. A dove-
tail C-ring mechanism is used to actively support the human upper arm internal/external
rotation. Furthermore, a 4 pole EC Maxon motor and a speed reducer drive the C-ring
mechanism through a spur gear set.

The elbow joint module consists of a normal revolute joint. A Maxon EC-4 pole motor
with a speed reducer located near the elbow joint controls the forearm extension/flexion
through a worm gear set. The length of the exoskeleton’s upper link is adjustable to adapt
the user with different anthropomorphic parameters. Moreover, an upper arm support
prevents the offset between the exoskeleton and human anatomical joints, i.e., shoulder
and elbow joint, causing an uncomfortable interaction between the two systems. Finally,
the wrist module consists of a C-ring mechanism that is designed to support the human
wrist rotation (radial/ulnar deviation). A 4 pole EC Maxon motor and a speed reducer
located along the forearm likewise actuate the C-ring of the wrist joint.

2.2. Kinematics

The kinematic model of the exoskeleton robot is developed by using Denavit–Hartenberg
(DH) parameters defined in Table 1, where L1 and L2 represent the lengths of the upper
arm and forearm links, respectively. Based on the DH parameters, the transformation
matrix is given by

Ti−1,i =

⎡⎢⎢⎣
cθi −sθicα sθisαi aicθi
sθi cθicαi −cθisαi aisθi
0 sαi cαi di
0 0 0 1

⎤⎥⎥⎦ (1)

where s and c represent the sine and the cosine functions, respectively.
The forward kinematics is obtained by computing the overall matrix of transformation

from the base frame to the wrist

Table 1. Denavit–Hartenberg (DH) parameters.

Joints αi ai di θi

1 π/2 0 0 π/2 − θ1
2 π/2 0 L1 π + θ2
3 −π/2 0 0 θ3
4 0 0 L2 θ4

T0,4 =

⎡⎢⎢⎣
m11 m12 m13 n14
m21 m22 m23 n24
m31 m32 m33 n34

0 0 0 1

⎤⎥⎥⎦ (2)

where all entries are given in the Appendix A.
The inverse kinematics is derived from the transformation matrix (2). The joint angles

can be obtained as:

134



Appl. Sci. 2021, 11, 5865

θ2 = π + arctan 2(n34, n14)
θ3 = ± arcsin( n34

L2 sin θ2
)

θ1 = π
2 + 1

2 arcsin n14−n24
L1+L2 cos θ3+L2 cos θ2 sin θ3

θ4 = arccos(m32 cos θ2+m31 cos θ3 sin θ2
cos2 θ2−cos θ3 sin θ2

)

(3)

2.3. Workspace and Singularity Analysis

The two most important properties that influence the geometrical design of a robotic
exoskeleton are workspace and singularity analysis [28]. The kinematic model is used to
analyze the workspace of the human upper limb and exoskeleton robot. Given the position
of any point in the workspace, it is important to determine whether it belongs to the actual
workspace or not, and helps to verify if at least one solution for the joint angles exists [2].
Therefore, a direct search method is employed to essentially evaluate the existence of an
inverse kinematics solution for the human and robotic exoskeleton, shown in Figure 2b,c.
The kinematic properties selected for this study are given in Appendix C.

(a) (b) (c)

(d) (e)

Figure 2. Workspace analysis of the 4-DOF upper limb exoskeleton (cyan) within the human arm workspace (red)
(measured in meters): (a) human–exoskeleton system, (b) isotropic view of upper limb exoskeleton and human arm
workspace, (c) sagittal plane view of upper limb exoskeleton and human arm workspace, (d) different configurations
of human–exoskeleton system in high manipulability region, (e) configurations of human–exoskeleton system in low
manipulability region.

Apart from analyzing the reachable workspace, implementation of safe and stable
operation is also required due to kinematic singularities within the workspace. Hence, it is
necessary to identify all singular configurations while planning trajectories for the robotic
exoskeleton. The manipulability ellipsoid and determinant of the Jacobian matrix are the
two important indices that characterize the degree of singularity [29]. Our study determines
the kinematic performance of the exoskeleton system by analyzing the manipulability
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index, which gives us information about the low and high manipulability regions, shown
in Figure 2d,e.

In the manipulability analysis, we look at the position of the wrist only. Thus, we take
Jacobian in the form of

J =
∂n
∂θi

=

⎡⎣−n24 + L1cθ1 −n34cθ1 −L2(sθ1sθ3 + cθ1cθ2cθ3)
n14 + L1sθ1 −n34sθ1 L2(cθ1sθ3 − sθ1cθ2cθ3)

0 −L2cθ2sθ3 −L2sθ2cθ3

⎤⎦ (4)

where n = [n14 n24 n34]
T , θi = [θ1 θ2 θ3]

T . The manipulability index can be determined after
computing the Jacobian as follows:

μ(J) =
√∣∣JJT

∣∣ (5)

where μ is the manipulability index. Figure 2d,e display different configurations of the
human upper limb and exoskeleton system and their corresponding manipulability ellipses
in high and low region of manipulability. Moreover, the manipulability analysis gives
us information about the uniform distribution of the forces and torques applied by the
exoskeleton system to the human upper limb [30]. Another important aspect of analyzing
the manipulability ellipse is to identify the singular configuration of the exoskeleton system
in the workspace. If the determinant of the Jacobian matrix is zero, the robot encounters
singularity or exhibit zero manipulability. Hence, this analysis can be used for the robot
path planning where it will try to avoid the low region of manipulability.

3. Exoskeleton Control System

The control architecture for the upper limb exoskeleton and carbon hand is shown in
Figure 3. The control system is implemented in the robotic operating system (ROS), which
includes task planning for activities of daily living, a complete path planning for the robotic
exoskeleton, computing the inverse kinematics, trajectory generation, and controller design.
Furthermore, input control signals are used to perform an ADL while wearing the robotic
exoskeleton and carbon hand.

Figure 3. An overall system control architecture. The tasks for the activities of daily living (ADL)
is predefined. The PD control method is implemented for the individual joint control. A carbon
hand developed by SEM glove is adopted to control the hand opening/closing movement (switch
on/off control).

The control system consists of four motors, controllers (Maxon EPOS4 Compact 50/8
CAN) and encoders. Moreover, a graphical interface was developed using a combination
of PyQt4, Python and ROS that can be used to choose the various types of control modes,
tune control parameters, sending high level control commands and real-time logging of
data. A CAN bus communication is adopted as the communication method between ROS
and Maxon EPOS4.
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PD Control Scheme for Upper Limb Exoskeleton Robot

The dynamic model of an exoskeleton can be derived using the Lagrange formulation
and can be expressed by the following equation

M(q)q̈ + C(q, q̇)q̇ + τg = τ (6)

where q ∈ � is a position vector, M(q) is inertia matrix, C(q, q̇) represents the Coriolis
forces and τg is the torque due to gravity. Although we have used the model-free PD/PID
control scheme, the dynamic model of the system is still provided in (4) to simulate the
dynamic response of the robotic exoskeleton. All entries of the dynamic Equation (4) can
be found in Appendix B.

In this article, a PD-based trajectory tracking control problem is investigated, where
the joint angle trajectories q are bound to track the desired trajectories qd (Algorithm 1).

The PD control law can be expressed as:

u = Kpq̃ + Kd ˙̃q
˙̃q = q̇d − q̇

(7)

where q̃ = qd − q. Kp and Kd are the proportional and differential gains, respectively.
We stabilize the open loop robotic system (6) by using the stability property of the PD

control scheme (9) and form a stable closed loop system as follows:

M(q)q̈ + C(q, q̇)q̇ + τg = Kpq̃ + Kd ˙̃q
˙̃q = q̇d − q̇

(8)

The equation can be written in the matrix form as:[ ˙̃q
¨̃q

]
=

[
q̇d − q̇

q̈d +
1
M (Cq̇ + g − Kpq̃ − Kd ˙̃q)

]
∵ q̈ = q̈d − ¨̃q (9)

Algorithm 1 PD-based trajectory tracking for each joint
Given:
• Sampling time: Ts
• User define parameters: kp, kd
• Desired trajectory: qd(k)
Initialization:
• q̃(0) = 0
• k ← 0
Repeat:

• q̃(k) = qd(k)− q(k), ˙̃q(k) = q̃(k)−q̃(k−1)
Ts

• Output = kpq̃(k) + kd ˙̃q(k)
• q̃(k − 1) ← q̃(k)
• k ← k + 1

4. Control Implementation in the Upper Limb Exoskeleton and
Experimental Evaluation

The challenge of the human–exoskeleton system lies in its complicated interaction in
which the robotic motion is coupled with the human upper limb musculoskeletal system.
Thus, we have selected joint angle trajectories to evaluate the system’s performance, which
helps us to analyze the influence of the kinematic/kinematic properties of the human–
exoskeleton system for different manipulation activities. In this section, a model-free PD-
based trajectory tracking is implemented to demonstrate the performance of the wheelchair
exoskeleton. The architecture of the control scheme is presented in Figure 3.

In our study, we selected two tasks to evaluate the effectiveness of using a wheelchair
exoskeleton, shown in Figures 4 and 5. Several positions in the task space were preliminarily
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defined via human demonstration, and the trajectories were generated in the joint space
corresponding to each task. Sixteen trials were recorded from the two subjects for each
task, where they were instructed to sit in the wheelchair by wearing the exoskeleton
and forced to follow the desired joint angle trajectories, shown in Figure 6. The joint
angle trajectories were recorded, and the whole system was evaluated upon the tracking
performance of all joints represented by the root mean square (RMSE) value from the
16 trials shown in Figure 7. The detailed statistics representing the human–exoskeleton
system’s performance are listed in Table 2. For the normal drinking task, it was noted that
the human–exoskeleton system was able to satisfactorily track the reference trajectories
and shown average RMSE values of 0.0247 rad, 0.0210 rad, and 0.0207 rad for the three
joints, respectively. Moreover, the variation in the RMSE values among the 16 trials was
also in the acceptable range, i.e., 0.0184 rad, 0.0027 rad, and 0.0071 rad for all three joints,
which shows that the human–exoskeleton was able to perform the task during different
trials satisfactorily.

(a) (b) (c) (d) (e)

Figure 4. Demonstration of normal drinking task: (a) initial position t = 0 s, (b) exoskeleton moves to the grasping position
t = 11 s, (c) the drinking position t = 31 s, (d) drop the bottle to the table t = 51 s, (e) get back to the initial position t = 72 s.

(a) (b) (c) (d) (e)

Figure 5. Demonstration of an object picking-up task: (a) initial position t = 0 s, (b) moving over the target t = 8 s,
(c) exoskeleton moves to a grasping position and hold the object t = 16 s, (d) pick the object up t = 24 s, (e) get back to the
initial position t = 42 s.
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Figure 6. Exoskeleton’s trajectory tracking control performance assessment for two different ADL. (a) PD-based trajectory
tracking controls for drinking task. (b) PD-based trajectory tracking control for an object picking-up task.
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Table 2. Statistical analysis of PD control method using RMSE value for the performance assessment of the wheelchair
exoskeleton.

Joints
Average Max Min Variance Average Max Min Variance
RMSE RMSE RMSE of RMSE RMSE RMSE RMSE RMSE

Drinking Task Object Picking Task

Joint 1 0.0247 0.0382 0.0198 0.0184 0.0360 0.0402 0.0323 0.0079
Joint 2 0.0210 0.0223 0.0196 0.0027 0.0146 0.0155 0.0131 0.0024
Joint 3 0.0207 0.0238 0.0167 0.0071 0.0184 0.0213 0.0150 0.0062

The robotic system and the control algorithms can be designed to fulfil the requirement
for a particular task, but sometimes it is hard to achieve generality. Thus, to maximize the
functional reliability of the presented system, we selected a second task to evaluate the
system’s performance, shown in Figure 5. It is noted that the tracking performance of the
shoulder joint was reduced, while the tracking accuracy of Joint 2 and Joint 3 was increased
compared to the normal drinking task, shown in Figure 7. In general, the variation in the
RMSE values among the 16 trials was in an acceptable range, i.e., 0.0079 rad, 0.0024 rad,
and 0.0062 rad for all three joints.
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Figure 7. Bar diagram of the RMSE with variance from 16 trials for each task.

5. Discussion

Table 2 summarizes the results of two experiments and presents a statistical analysis
of the joint trajectories to demonstrate the effectiveness of using an exoskeleton system
for basic ADLs. The data illustrated in Figure 7 show the variations in mean RMSE
values among two tasks in joint space. Several parameters, such as mechanism design,
mode of actuation, selection of control method to accommodate variations in payload,
and human anthropomorphic parameters, may influence the functional reliability of the
human–exoskeleton system.

Implementation of a basic PD control method without gravity compensation/human
arm weight compensation and a backdrivability of shoulder mechanism had made it diffi-
cult to achieve a more precise control compared to the other joint mechanisms. Therefore,
average RMSE values for the shoulder joint were comparatively higher than the other two
joints. Teng et al. [1] implemented a PD control with gravity compensation and analyzed
the effect of uncertain dynamics and external disturbances on the human–exoskeleton
system. Data presented in [1,31,32] have shown that the performance of an exoskeleton
driving human shoulder joint was comparatively lower than the elbow joint exoskeleton
because the gravity torque induced by variable payload and human arm weight may affect

139



Appl. Sci. 2021, 11, 5865

the relative precision. Alternatively, the C-ring and worm gear mechanisms responsible for
supporting a human shoulder joint rotation and elbow joint movements take advantage of a
large reduction ratio. The design also facilitates holding the output position without energy
consumption because of its non-backdrivability. Moreover, the two joints are relatively
less affected by the variation in the payload and upper limb anatomy as can be seen from
error bar diagram presented in Figure 7. Deyby et al. [12] presented a similar mechanism
and analyzed the position and orientation synchronization between the human upper limb
and exoskeleton.

The study demonstrates that the exoskeleton presented is applicable for motion
assistance of physically impaired people in their ADLs. In our future work, we will extend
this study to clinically evaluate the system to examine comfort, patient acceptance, and
functional use of the system with severe to moderate upper limb impairment. We will
look into more advanced control methods to compensate for ill effects caused by uncertain
dynamics and external disturbances and study their implications for assistive applications.
Manipulability/singularity free workspace is another important factor that should be
considered during the path planning of an exoskeleton robot. Future work will focus
on developing a method to optimize the exoskeleton’s trajectory in the task space and
attempt to maximize likelihood of manipulation in the high manipulability region; thereby,
it guarantees uniform distribution of forces and the torques and improves the physical
human–robot interaction.

6. Conclusions

In this article, we present the mechanical design, control, and performance evaluation
of the wheelchair exoskeleton for physical assistance. The design takes advantage of
non-backdrivable mechanisms and holds the output position of the exoskeleton without
energy consumption. Furthermore, an overall structure of the exoskeleton system offers
compatible kinematics and provides a safer ROM that generates a variety of unconstrained
motions for active assistance.

The experiments performed evaluated the system’s response to shoulder exten-
sion/flexion, shoulder internal/external rotation, and elbow extension/flexion for two
different ADLs. The statistical analysis of the joint angle trajectories shows that the pro-
posed system and the implementation of PD-based control method are appropriate for
performing several essential tasks. Upon the data presented, it is expected that the system
will be able to support the tetraplegia users in different ADLs, such as drinking/eating,
which helps them in maintaining an independent lifestyle.
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Appendix A

m11 = cθ4(sθ1sθ3 + cθ1cθ2cθ3)− cθ1sθ2sθ4

m12 = −sθ4(sθ1sθ3 + cθ1cθ2cθ3)− cθ1cθ4sθ2

m13 = cθ3sθ1 − cθ1cθ2sθ3

m21 = −cθ4(cθ1sθ3 − cθ2cθ3sθ1)− sθ1sθ2sθ4

m22 = sθ4(cθ1sθ3 − cθ2cθ3sθ1)− cθ4sθ1sθ2

m23 = −cθ1cθ3 − cθ2sθ1sθ3

m31 = cθ2sθ4 + cθ3cθ4sθ2

m32 = cθ2cθ4 − cθ3sθ2sθ4

m33 = −sθ2sθ3

n14 = L2(cθ3sθ1 − cθ1cθ2sθ3) + L1sθ1

n24 = −L2(cθ1cθ3 + cθ2sθ1sθ3)− L1cθ1

n34 = −L2sθ2sθ3

Appendix B

M11 = I1 + L2
1m3 + L2

c1m1 + L2
c1m2 + L2

c2m3cθ2
2 + L2

c2m3cθ3
2 + 2L1Lc2m3cθ3 − L2

c2m3cθ2
2cθ3

2

M12 = Lc2m3sθ2sθ3(L1 + Lc2cθ3)

M13 = −Lc2m3cθ2(Lc2 + L1cθ3)

M21 = Lc2m3sθ2sθ3(L1 + Lc2cθ3)

M22 = −m3L2
c2cθ3

2 + m3L2
c2 + I2

M23 = 0

M31 = −Lc2m3cθ2(Lc2 + L1cθ3)

M32 = 0

M33 = m3L2
c2 + I3

C1 = Lc2m3(L1 θ̇2
2cθ2sθ3 + L1 θ̇2

3cθ2sθ3 − 2L1 θ̇1 θ̇3sθ3 − Lc2 θ̇1 θ̇2s2θ2 − Lc2 θ̇1 θ̇3s2θ3

+Lc2 θ̇2
2cθ2cθ3sθ3 + 2L1 θ̇2 θ̇3cθ3sθ2 + 2Lc2 θ̇2 θ̇3cθ3

2sθ2 + 2Lc2 θ̇1 θ̇2cθ2cθ3
2sθ2 + 2Lc2 θ̇1 θ̇3cθ2

2cθ3sθ3)

C2 = (L2
c2m3(−2cθ2sθ2 θ̇2

1cθ3
2 + s2θ2 θ̇2

1 + 4θ̇3sθ2 θ̇1cθ3
2 − 4θ̇3sinθ2 θ̇1 + 2θ̇2 θ̇3sin2θ3))/2

C3 = (Lc2m3(2L1 θ̇2
1sθ3 + Lc2 θ̇2

1sin2θ3 − Lc2 θ̇2
2s2θ3 + 4Lc2 θ̇1 θ̇2sθ2 − 2Lc2 θ̇2

1cθ2
2cθ3sθ3 − 4Lc2 θ̇1 θ̇2cθ3

2sθ2))/2

G1 = L1m3sθ1 + Lc1m1sθ1 + Lc1m2sθ1 + Lc2m3cθ3sθ1 − Lc2m3cθ1cθ2sθ3

G2 = Lc2m3sθ1sθ2sθ3
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G3 = Lc2m3(cθ1sθ3 − cθ2cθ3sθ1)

Lc1 is the distance of the center of mass of the exoskeleton’s upper arm from the
shoulder joint, and Lc2 is the distance of the center of mass of the exoskeleton’s forearm
from the elbow joint. The parametric values for the above dynamic system (upper limb
exoskeleton) are assumed to be: m1 = 2.5 kg, L1 = 0.33 m, I1 = 0.20 kg m2, m2 = 1.5 kg,
L2 = 0.246 m, I2 = 0.15 kg m2.

Appendix C

Table A1. Mechanical properties of the exoskeleton, and the average estimated anthropomorphic
parameters for human subjects.

Link
Exoskeleton Human Subject

Length (m) Weight (kg) Length (m) Weight (kg)

Upper arm 0.33 2.5 0.33 1.386
Forearm 0.246 1.5 0.37 0.886
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Abstract: The paper presents novel models of reconfigurable parallel mechanisms (RPMs) with a
single active degree-of-freedom (1-DOF). The mechanisms contain three to six identical kinematic
chains, which provide three (for the tripod) to zero (for the hexapod) uncontrollable DOFs. Screw
theory is applied to carry out mobility analysis and proves the existence of controllable and uncon-
trollable DOFs of these mechanisms. Each kinematic chain in the synthesized mechanisms consists
of planar and spatial parts. Such a design provides them with reconfiguration capabilities even
when the driving link is fixed. This allows reproduction of diverse output trajectories without
using additional actuators. In this paper, the model of a mechanism with six kinematic chains
(hexapod) has been virtually and physically prototyped. The designing and assembling algorithms
are developed using the detailed computer-aided design (CAD) model, which was further used to
carry out kinetostatic analysis considering complex geometry of mechanism elements and friction
among all contacting surfaces of joints. The developed virtual prototype and its calculation data have
been further applied to fabricate mechanism elements and assemble an actuated full-scale physical
prototype for future testing.

Keywords: reconfigurable parallel mechanism (RPM); degree-of-freedom (DOF); circular guide;
computer-aided design (CAD) modeling; virtual and physical prototyping; screw theory; kinetostatic
analysis; digital twins; 3D printing technology

1. Introduction

Currently, designing full-scale models (physical prototyping) is often associated with
the development of their digital twins (virtual prototyping), which, in fact, allows for
beginning the product development process. Virtual prototyping is the process of designing
a mechanical system in the form of a numerical model, while physical prototyping is the
process of creating a real full-scale model. A virtual prototype allows for carrying out many
numerical experiments using a computer functionality, which significantly reduces the
time, physical and financial costs for creating a real model.

The processes of virtual and physical prototyping complement each other and allow
for creating more advanced structures, providing maximum opportunities for consideration
of the design requirements [1]. Today, advanced technologies allow for creating a real
prototype based on a digital model of a mechanical system in quite a short time. Rapid
prototyping technologies are widely used in this direction, in particular, 3D printing
technologies with application of various materials [2]. In this field, the use of 3D printing
technologies is quite popular both for soft [3–5] and solid [6–8] systems.

Let us consider some examples of using 3D printing technologies for parallel mecha-
nisms and robots. Authors of [9] present a 6-DOF parallel mechanism designed as a cm
sized six-component force sensor that measures the force information in space, including
three-dimensional forces and three-dimensional torques. The mechanism has eight legs,
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each with grooves at both ends serving as spherical joints. A 5R 2-DOF parallel robotic
arm for handling paper pot seedlings in a vegetable transplanter is proposed in [10]. The
elements of the arm, including a gear box for its actuation, are 3D printed. Authors of [11]
demonstrate a 3-DOF spatial compliant parallel mechanism for high-precision manipula-
tion that was 3D printed from alloy Ti-6Al-4V. Authors of [12] present a spherical 3-RRR
manipulator with coaxial input shafts. The manipulator design allows for unlimited rota-
tional capability around the vertical axis. Another 3D printed spherical 3-RRR manipulator
is shown in [13]. It applies as a shoulder of a prosthetic device. Authors of [14] consider
the optimal design of one more spherical 3-RRR manipulator. The structure of one leg was
changed to reduce the singularities within the workspace. Authors of [15] present a recon-
figurable parallel mechanism with RRPS chains, where only prismatic joints are actuated
and a base-coupled revolute joint in each chain can lock or turn during the mechanism
motion. Authors of [16] show a 3-DOF parallel manipulator designed as a tripod. This
manipulator can be used as a leg for walking systems.

The presented research is directed at virtual and physical prototyping of the mecha-
nism, which belongs to a class of reconfigurable parallel mechanisms (RPMs). Mechanisms
of this type can change their configurations to reproduce various end-effector trajectories
or vary workspace dimensions. These mechanisms can also change the number of DOFs
when their structure remains unchanged [17,18]. Some RPMs provide change-type of
end-effector movements when passing through singular positions [19]. Such mechanisms
also have the key advantages of parallel systems: high rigidity, ability to manipulate heavy
loads and high positioning accuracy [20–22]. Possible practical applications of RPMs in-
clude rehabilitation medicine [23], gripping operations [24], additive technologies [25,26],
machine elements processing [27–29] and force sensors [30].

One should note that the RPMs in the studies mentioned above include multiple
actuators. It makes their structure and control more complex. In this study, we present a
model of a novel RPM with the least possible number of actuators, i.e., with one actuator.
In contrast to the known RPMs, the presented one does not have additional kinematic
chains or modular elements, which are used only for reconfiguration.

In this regard, the proposed study aims to develop the virtual and physical prototyping
algorithms for the RPMs actuated from a single drive. The physical prototyping is based
on the 3D printing technologies.

The rest of the paper is organized as follows. Section 2 discusses different mechanism
designs of the created RPMs having three to six legs and mobility from four to one. Section 3
follows next and provides structural analysis performed via screw theory. Section 4 shows
a virtual prototyping algorithm for the hexapod with a single active DOF. This section
also includes CAD calculations of the moment on the driving link (kinetostatic analysis).
Based on the previous parts, a physical prototyping algorithm that includes 3D printing
technologies finishes Section 4. Section 5 finalizes the study and provides conclusions.

2. Mechanisms Design

This paper proposes a new kinematic chain design that provides reconfigurability.
Figure 1a shows this kinematic chain that consists of links 4–13 and is coupled between the
fixed (circular guide 1), driving (shaft 2 and wheel 3 forming a single element) and output
(platform 14) links. This chain includes the following elements: shaft 4, gear 5 and driving
pulley 6, which form a single link (rigid connection); shaft 7, driven pulley 8 and crank 9,
which also organize a single link (rigid connection); slide block 10; swinging arm 11 and
carriage 12, which also form a single link (rigid connection); and leg 13, which ends with
the spherical joints at both sides. Figure 1b demonstrates reconfigurable capabilities of the
chain. Here, the same carriage can provide different displacements δ1, δ2 and δ3, which
correspond to the crank angles β1, β2 and β3 with the fixed driving wheel.
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(a) (b) (c) 

Figure 1. CAD schemes of the single reconfigurable kinematic chain: (a) main components: circular guide 1 (fixed link);
shaft 2 and wheel 3 (driving link); shaft 4, gear 5 and driving pulley 6; shaft 7, driven pulley 8 and crank 9; slide block 10;
swinging arm 11 and carriage 12; leg 13; and platform 14 (output link); (b) reconfigurable positions of the chain with carriage
displacements δ1, δ2 and δ3, corresponding to the crank angles β1, β2 and β3 with the fixed driving wheel; (c) twists for a
single kinematic chain and a reciprocal wrench for the chain with the locked drive.

We can synthesize different mechanisms by connecting the output link to the base with
several kinematic chains, shown in Figure 1a. Figure 2a–d present possible mechanisms as
CAD models with three to six kinematic chains. In each chain, the input motion passes
from driving links 2–3 to a link group of shaft 4, gear 5 and driving pulley 6. Next, the
motion passes through the belt to a link group of shaft 7, driven pulley 8 and crank 9,
which actuates swinging arm 11 through slide block 10. Swinging arm 11 displaces
carriage 12 along circular guide 1. After that, the motion transmits to leg 13 and then
to platform 14. Thus, the dependently actuated kinematic chains change position and
orientation of platform 14 in space. In the following section, we will perform a mobility
analysis of the obtained mechanisms and determine their number of DOFs.

  
(a) (b) 

Figure 2. Cont.
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(c) (d) 

Figure 2. CAD models of the synthesized mechanisms with a reconfigurable design: (a) tripod; (b) quadropod; (c) pentapod;
(d) hexapod.

3. Mobility Analysis

In this section, we will apply instantaneous screw theory to analyze mechanisms
mobility. This theory is common for the analysis of parallel mechanisms and highly
developed in recent years. Authors of [22,31,32] thoroughly discuss the features of this
approach, and we recap the basics in Appendix A. We recommend the reader novel to the
subject of instantaneous screws to look through these works or at least the appendix to
appreciate the material of this section.

3.1. Analysis for a Single Kinematic Chain

First, we consider one kinematic chain and the unit twists that correspond to it. We will
study only the spatial part: the planar part of each chain is a 1-DOF coulisse mechanism,
and the rotational angle of the driving wheel uniquely determines the carriage position.

To begin with, we define coordinate system OXYZ, of which center O is in the center
of the carriage spherical joint, as shown in Figure 1c. Let axis X be tangent to the circu-
lar guide, axis Y be directed along the swinging arm to its rotation axis and axis Z be
orthogonal to the circular guide plane. Let ŝi =

[
sx

i sy
i sz

i
]T be a unit vector directed

from one spherical joint to the other, where i = 1 . . . ni is an index of a kinematic chain,
and ni = 3 . . . 6 is a number of chains depending on the mechanism structure shown in
Figure 2a–d. Then, the platform twist system for one kinematic chain can be written as
follows in this coordinate system:

ξi1 =
[

0 0 1 R 0 0
]T,

ξi2 =
[

1 0 0 0 0 0
]T,

ξi3 =
[

0 1 0 0 0 0
]T,

ξi4 =
[

0 0 1 0 0 0
]T,

ξi5 =
[

1 0 0 0 Lisz
i −Lis

y
i

]T,
ξi6 =

[
0 1 0 −Lisz

i 0 Lisx
i
]T,

ξi7 =
[

0 0 1 Lis
y
i −Lisx

i 0
]T,

(1)

where ξi1 corresponds to the carriage motion along the circular guide; ξi2, ξi3 and ξi4 relate
to the spherical motion in the carriage joint; ξi5, ξi6 and ξi7 relate to the spherical motion
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in the platform joint; R is a radius of the circular guide; and Li is a distance between the
spherical joints (leg length).

We can compose matrix Ti, whose columns are twists (1), and examine its rank to
determine if the kinematic chain constrains the platform motion or not. To obtain the rank,
we can perform a Gaussian elimination procedure [33] (p. 97) and transform initial matrix
Ti to the following upper triangle Ui:

Ui =

⎡⎢⎢⎢⎢⎢⎢⎣

1 1 0 0 1 0 0
0 −R 0 0 −R −Lisz

i Lis
y
i

0 0 1 0 0 1 0
0 0 0 1 0 0 1
0 0 0 0 Lisz

i 0 −Lisx
i

0 0 0 0 0 Lisx
i −Lisx

i sy
i /sz

i

⎤⎥⎥⎥⎥⎥⎥⎦, if sz
i �= 0,

Ui =

⎡⎢⎢⎢⎢⎢⎢⎣

1 1 0 0 1 0 0
0 −R 0 0 −R 0 Lis

y
i

0 0 1 0 0 1 0
0 0 0 1 0 0 1
0 0 0 0 −Lis

y
i Lisx

i 0
0 0 0 0 0 0 −Lisx

i

⎤⎥⎥⎥⎥⎥⎥⎦, if sz
i = 0.

(2)

For a general chain configuration, there are no zero rows in matrix Ui; hence, the rank
equals six. This means the chain does not impose any constraints on the platform motion
(see Equation (A3) in Appendix A: only a zero wrench will satisfy it). However, in some
configurations, the matrix can be rank deficient. For example, when sx

i = 0 (the leg projects
directly on the swinging arm), the rank equals five, and the chain imposes one constraint
on the platform. Such configurations are known as leg singularities [34] and should be
avoided during motion planning.

Let us consider the situation when the driving wheel is fixed. As we will see in the
following subsection, this case is important for analyzing the mobility of the output link
concerning several kinematic chains. In this case, the carriage does not move, and we can
perform a similar analysis as above, leaving twist ξi1 out from matrix Ti. Corresponding
upper triangle matrix Ui will have a form as below:

Ui =

⎡⎢⎢⎢⎢⎢⎢⎣

1 0 0 1 0 0
0 1 0 0 1 0
0 0 1 0 0 1
0 0 0 Lisz

i 0 −Lisx
i

0 0 0 0 −Lisz
i Lis

y
i

0 0 0 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎦. (3)

The matrix above has a rank equal to five, and there exists one constraint on the
platform by the chain. This constraint has wrench ζi reciprocal to twists ξi2–ξi7 that can be
found using Equation (A3) from Appendix A. Using this equation, we find:

ζi =
[

ŝT
i 0T ]T. (4)

The obtained wrench corresponds to a force directed along the leg and preventing the
platform translation along this direction.

3.2. Analysis for Several Kinematic Chains

Now, let us consider the output link connected to the base by several kinematic chains.
In the discussed mechanisms, all the chains are coupled through the driving wheel. To
operate properly, the mechanism number of DOFs in a general (nonsingular) configuration
should be equal to zero when the drive is fixed [22] (p. 40). If we fix the drive, each chain
will impose wrench (4) on the output link. We can compose matrix W, whose columns
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represent these wrenches, and the number of columns will depend on the number of
kinematic chains.

In the mechanisms with three, four and five kinematic chains (Figure 2a–c), there will
be three, four and five wrenches ζi, respectively, acting on the platform. Hence, the rank
of matrix W will always be less than six. This means we can find reciprocal twists, which
will correspond to the uncontrolled movements (or uncontrolled DOFs) of the mechanism
output link. Thus, the mentioned structures shown in Figure 2a–c cannot operate correctly
with a single drive.

Fixing the drive in the mechanism with six kinematic chains shown in Figure 2d will
lead to six wrenches ζi, and matrix W will have six columns. If the matrix has a full rank,
the platform configuration is completely determined. The mechanism operates properly
and has one (controlled) DOF. In some configurations, matrix W can be rank deficient, and
the platform will obtain additional and uncontrolled DOFs. Such configurations represent
another type of singularities common for parallel mechanisms [34] that should also be
avoided for proper mechanism performance.

Table 1 summarizes the results of the mobility analysis, describing the reconfigurable
solutions of the proposed kinematic chain. Thus, the only workable mechanism structure of
the suggested ones is the one with six kinematic chains and single DOF shown in Figure 2d.
We will study exactly this mechanism in the following sections.

Table 1. Summary of the mobility analysis results.

Number of
Kinematic Chains

Number of DOFs of the Output Link

Overall Controllable Uncontrollable

3 4 1 3

4 3 1 2

5 2 1 1

6 1 1 –

Though the considered mechanism has only one DOF, a simple reconfiguration proce-
dure, implying disconnecting the belts and reorienting the cranks (Figure 1b), allows for
reproducing various output link trajectories, as we will see later in the paper. This is the key
feature of the proposed design and the major benefit among other known reconfigurable
mechanisms mentioned earlier in the introduction.

4. Virtual and Physical Prototyping

4.1. Development of the Hexapod CAD Model (Virtual Prototyping)

Based on the kinematic scheme of the 1-DOF hexapod shown in Figure 2d, we created
its virtual prototype using CAD system Autodesk Inventor. Figure 3a,b show the exploded
view of the hexapod assembly, considering the alignment and arrangement of all structural
elements. This assembly allows for further manufacturing of these elements by 3D printing
and using the standard machine elements.

The procedure for assembling the CAD model of the hexapod is as follows. It begins
with assembling circular guide 1, divided into six sectors, comprising several parts, and
central ring 1a with a rolling bearing pressed into it. Then, we mount a base consisting of
six columns under circular guide 1. The columns connected by metal profiles absorb the
load and give additional stability to the entire system. Next, a group of links that includes
shaft 2 and driving wheel 3, forming a single link, is rigidly fixed in the center of circular
guide 1. After that, we connect the electric motor shaft with shaft 2 under circular guide 1.

150



Appl. Sci. 2021, 11, 7158

 

 
(a) (b) 

Figure 3. Exploded view of the structural elements assembly (CAD model) of the proposed hexapod: (a) single kinematic
chain with a driving part; (b) complete mechanism model.

Further, we mount a group of links including shaft 4, gear 5 and driving pulley 6 in
circular guide 1 through a rolling bearing. This group also forms a single link. After that,
similarly, shaft 7 connects rigidly with driven pulley 8 and crank 9 and then becomes fixed
in an adjacent bearing in circular guide 1. Next, we stretch the belt between driving 6 and
driven 8 pulleys and install a spacer between the bearings of their shafts. Crank 9 and slide
block 10 are connected by a rolling bearing.

The next group of links is a rigid connection of swinging arm 11 and carriage 12.
Swinging arm 11 ends with fork 11a at one side for coupling with shaft 2a in the center
of circular guide 1 and with lunule 11b of the spherical joint at another side. Fork 11a at
each swinging arm has an individual geometry for locating them in one plane. Carriage 12
moves on the edge of circular guide 1 by a pair of rollers 12a, which are supported by
shafts 12b. Lunule 11b is pressed into carriage 12, forming a single link of swimming arm 11
and carriage 12.
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Similarly, we press balls 13a of the spherical joints into leg 13 on both sides. Platform 14,
like circular guide 1, is divided into six sectors, connected by coupling plates. Further, three
of these sectors connect rigidly with a pair of lunules 14a of the platform spherical joints.

Figure 4a,b show the assembled CAD model of the hexapod with all the structural
elements discussed above. This model allows 3D printing its elements and using standard
mechanical parts. Table 2 presents the geometrical dimensions of the hexapod elements.

 

(a) (b) 

Figure 4. Assembling virtual prototype (CAD model) of the hexapod: (a) single kinematic chain with a driving part;
(b) complete mechanism model.

4.2. Kinetostatic Analysis of a Hexapod Using CAD Modeling

To select an appropriate electric motor for the hexapod, we need to perform its
kinetostatic analysis and define a motor torque on the driving shaft 2. Let us accept the
driving wheel rotates at a speed of 5 rpm. Due to the mechanism ability to reproduce
differing trajectories of the output link, we consider several cases corresponding to our
previous study [35]:

• the output link performs a pure rotation around the vertical axis: βi = 255.8◦,
i = 1 . . . 6;

• the output link performs a simultaneous rotation and displacement relative to the
vertical axis: β1 = β3 = β5 = 104.2◦ and β2 = β4 = β6 = 255.8◦;

• the output link follows a spatial trajectory changing all six coordinates: β1 = 287.6◦,
β2 = 103.3◦, β3 = 278.4◦, β4 = 263.8◦, β5 = 260.6◦, β6 = 242.4◦.

We have found these values of angles βi experimentally in CAD simulation. However,
we could also apply a kind of inverse kinematics algorithm to find the angles. In this
case, there exists a nontrivial numerical algorithm which can provide different solutions
depending on an initial guess. We have touched on this problem in work [36]. The
Supplementary Materials section presents movie of the CAD model operation with respect
to the cases mentioned above.
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Table 2. Geometrical dimensions of the hexapod links.

Parameter Nomenclature Dimension

Overall dimensions of the hexapod, including the
maximum displacements of the platform

530 mm × 530 mm × 457 mm
(LWH dimensions)

Column height of circular guide 1 143.00 mm

Diameter of circular guide 1 500.00 mm

Height of circular guide 1 58.30 mm

Pitch diameter of driving wheel 3 125.00 mm

Number of teeth of driving wheel 3 50

Pitch diameter of gear 5 45.00 mm

Number of teeth of gear 5 18

Center distance of gear transmission 3–5 85.00 mm

Module of gears 3–5 2.50 mm

Diameter of driving pulley 6 30.00 mm

Diameter of driven pulley 8 60.00 mm

Center distance of belt transmission 6–8 76.00 mm

Length of crank 9 38.85 mm

Length of swinging arm 11 (distance from the
center of circular guide 1 to the center of spherical

joint 12–13)
246.05 mm

Length of leg 13 220.05 mm

Platform radius 14 excluding spherical joints 13–14 180.00 mm

Platform radius 14 including spherical joints 13–14
(distance from the center of platform 14 to the

center of spherical joint 13–14)
193.00 mm

Minimum/maximum angle between paired
spherical joints 13–14 20◦/100◦

Bearing 1,000,804 (13 pcs) 20 mm × 32 mm × 7 mm

Bearing 623ZZ (18 pcs) 3 mm × 10 mm × 4 mm

Diameter of the sphere in the spherical joints 12.00 mm

We have performed the kinetostatic calculations using an Autodesk Inventor Dynamic
Simulation module, which provides dynamic modeling with various parameters of the
assembling CAD model. Table 3 presents the materials and inertial parameters of the
mechanism structural elements. Inertia moments of the links in the planar part of the
mechanism are determined relative to their rotational axes, and inertia tensors of the links
that perform a spatial movement (legs 13 and platform 14) are calculated in their mass
centers relative to the axes shown in Figure A1 (Appendix B).

The calculation included the friction between all mechanism elements. We set the
following friction coefficients kf for the calculations: kf = 0.002 for the rolling bearings in
the planar part; kf = 0.02 for sliding joints 10–11 (aluminum over ABS plastic); kf = 0.1 for
spherical joints 12-13 and 13-14 (steel over steel); kf = 0.02 for the couplings of forks 11a
with shaft 2a at the center of circular guide 1 (steel over ABS plastic). We also took efficiency
ratios 0.98 and 0.95 for the gear and belt couplings, respectively.
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Table 3. Inertial properties of the hexapod links.

Link/Group of Links Material Moment of Inertia, kg·mm2 Mass, kg

Shaft 2 and driving wheel 3 Plastic ABS 494.19 0.257

Shaft 4, gear 5 and driving pulley 6 Plastic ABS 20.68 0.091

Shaft 7, driven pulley 8 and crank 9 Plastic ABS 32.04 0.085

Slide block 10 Plastic ABS 0.061 0.003

Swinging arm 11 (incl. elements 11a,b),
and carriage 12 (incl. elements 12a,b)

#1

Aluminum, plastic ABS,
steel

2545.40 0.052

#2 2545.66 0.052

#3 2545.76 0.053

#4 2545.87 0.053

#5 2545.80 0.053

#6 2546.09 0.053

Leg 13 (incl. elements 13a) Aluminum, plastic ABS, steel

⎡⎣ 159.87 0 0
0 159.87 0
0 0 0.33

⎤⎦ 0.022

Platform 14 (incl. elements 14a) Aluminum, plastic ABS, steel

⎡⎣ 10061.20 0 0
0 10061.20 0
0 0 20079.61

⎤⎦ 1.153

Given the parameters above, we prepared the mechanism assembly (Figure 4) for
dynamic modeling. Simulation results shown in Figure 5 present the calculated value of
the motor torque (TM) for the different cases of cranks initial positions. Notice how the
torque increases to compensate for the weight contribution of the links when the platform
displaces along the vertical axis.

 
Figure 5. Time-dependent diagrams of the hexapod motor torque (TM) for the different
cranks initial positions: 1—{βi = 255.8◦}, the output link only rotates around the vertical axis;
2—{β1 = β3 = β5 = 104.2◦ and β2 = β4 = β6 = 255.8◦}, the output link has simultaneous rota-
tion and displacement relative to the vertical axis; 3—{β1 = 287.6◦, β2 = 103.3◦, β3 = 278.4◦,
β4 = 263.8◦, β5 = 260.6◦, β6 = 242.4◦}, the output link performs general spatial motion changing
all six coordinates.
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One should note that using CAD software to perform calculations allows for con-
sidering the links geometry and material as accurately as possible. Thereby, the CAD
functionality can significantly simplify the solution process and lead to more accurate
results in comparison with the analytical methods.

4.3. Development of a Hexapod Full-Scale Model (Physical Prototyping)

Based on the assembling model of the mechanism shown in Figure 4, we produced its
physical prototype. Figure 6 shows the prototype picture, and the Supplementary Materials
section presents a movie of the prototype functioning. Thus, the virtual prototype serves
as a digital twin of the produced physical prototype. Most of the prototype links and
couplings were 3D printed on Flsun QQ-S. Other components were easy-to-access standard
elements, including legs 13 and swinging arms 11 made of round aluminum profiles, steel
spherical joints and bearings. The mechanism drive was selected based on the motor torque
calculation given in Section 4.2.

 
Figure 6. The actuated full-scale physical prototype of the proposed hexapod.

The major advantage of such a design is in using easy-to-access materials and com-
ponents. Figure 7 shows some mechanism components: the belt drive; connection of the
swinging arm, carriage and leg; the platform spherical joints; swinging arms connection
in the center of the circular guide. The fork-like design of the swinging arms allows
positioning all the arms in one plane. Geometrical parameters of the physical prototype
correspond to its digital twin (virtual prototype) presented in Figure 4.
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We have two opportunities to control the hexapod. The first and the simplest one is
to rotate the motor at some constant speed. The output link will perform a cyclic motion,
which depends on the initial orientations of the cranks. This method was presented in
Section 4.2 and [35]. The second approach implies solving an inverse kinematics problem
where we set the platform trajectory and calculate the required control law for the drive.
However, since the mechanism has only one DOF, we can set the motion only for one
platform coordinate, while the others are calculated from the inverse kinematics together
with the drive motion. We addressed this problem in [36].

  

  

Figure 7. The main units of motion transmission of the proposed hexapod.

5. Conclusions

This paper has presented novel variations of RPMs with similar structure and a
different number of kinematic chains. The mobility analysis of the mechanisms carried out
via screw theory has provided a calculation of controllable and uncontrollable DOFs. It
was found that 4-DOF tripod has three uncontrollable DOFs, 3-DOF quadropod has two
uncontrollable DOFs, 2-DOF pentapod has one uncontrollable DOF and 1-DOF hexapod is
fully controllable.

The reconfigurability of the mechanisms allows for changing the output link trajec-
tories without using additional kinematic chains or drives. The proposed mechanisms
have such design advantages as a drive fixed on the base, absence of the possibility of
collisions between the adjacent carriages due to correctly chosen cranks lengths and diverse
reconfigurable capabilities due to having a flexible coupling in each kinematic chain.

Based on the obtained mechanisms structures, the hexapod one (the mechanism with
six kinematic chains) has been developed as an assembling CAD model, which allowed
us to perform a numerical kinetostatic analysis and then fabricate an actuated physical
prototype. The developed CAD model was adapted to using 3D printing technologies in
prototype production.

The conducted research confirms that virtual and physical prototyping processes
relate to each other, and their cooperative execution is very effective in product deve-
lopment. In addition, rapid prototyping technologies, which are one of the most optimal
ways to develop physical prototypes, can be often realized only with virtual prototyping.
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Having the physical prototype built, we can aim our further research at its experimen-
tal study, including accuracy and repeatability tests, rigidity and load capacity analyses,
tests for maximum operating speed and others. Additional research can be associated with
an analysis of the presented hexapod for specific practical applications, such as rehabilita-
tion procedures, where the hexapod platform could provide various types of cyclic motions.
In this regard, the analysis would aim to calculate the initial cranks configuration and the
motion laws of the driving link based on the predetermined platform displacements.

Supplementary Materials: The following are available online at: https://www.mdpi.com/2076-341
7/11/15/7158/s1, Video S1: Movie of the CAD model operation, Video S2: Movie of the physical
prototype operation.

Author Contributions: Conceptualization, A.F. and A.A.; methodology, A.F. and A.A.; software,
A.F. and D.P.; validation, A.F. and D.P.; formal analysis, A.F. and A.A.; investigation, A.F., D.P. and
A.A.; resources, A.F., D.P., A.A. and V.G.; writing—original draft preparation, A.F., A.A. and M.C.;
writing—review and editing, A.F. and A.A.; visualization, A.F. and D.P.; supervision, A.F., A.A. and
V.G.; project administration, A.F.; funding acquisition, M.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by Russian Science Foundation (RSF) under grant № 21-79-
10409, https://rscf.ru/project/21-79-10409/.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Appendix A. Basics of Instantaneous Screw Theory

The major idea of screw theory relies on Chasles’ theorem [32] (p. 26), by which any
finite motion of a rigid body can be represented as a combination of rotation about some axis
and translation parallel to it. This axis is called a screw axis. If the motion is infinitesimal,
we can consider it instantaneous, and the screw axis becomes an instantaneous screw axis.
This instantaneous screw motion can be characterized by three basic elements: the axis
itself, the angular speed about this axis and the linear speed along it. We can combine these
elements into a 6-D vector called (instantaneous) screw ξ [32] (p. 40):

ξ = ω

[
ŝ

r × ŝ

]
+ υ

[
0

ŝ

]
, (A1)

where ŝ is a unit vector directed along the screw axis; r is a vector pointed from the origin
of the coordinate system to any point on the screw axis; ω is an angular speed relative to
the screw axis; and υ is a linear speed about the screw axis.

An alternative common notation for a screw implies using scalar parameters: magni-
tude s and pitch h = υ/ω. In this case, a screw can be defined as follows [22] (p. 19):

ξ = s
[

ŝ

r × ŝ + hŝ

]
, if h �= ∞,

ξ = s
[

0

ŝ

]
, if h = ∞.

(A2)

Similarly, all the forces and moments acting on a rigid body can be reduced to a force
directed along some axis and a moment about the axis. We can define screw ζ representing
this resulting force and moment using relations similar to (A1) and (A2). To differ between
these screws, terms twist and wrench are usually applied for ξ and ζ, respectively. Twists
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and wrenches of zero pitch (h = 0) correspond to pure rotations and forces. Twists and
wrenches of infinite pitch (h = ∞) correspond to pure translations and moments.

Screws can be summed with each other and multiplied by a scalar—these properties
allow screws to form vector spaces. Thus, the space of twists can define the possible
velocities of the rigid body, while the space of wrenches represents all the forces and
moments acting on it. If each twist ξ from the twist space and each wrench ζ from the
wrench space satisfy the following condition [22] (p. 24):

ξ ◦ ζ =(Pξ)Tζ = 0, (A3)

where P is a permutation matrix of the form:

P =

[
03×3 I3×3
I3×3 03×3

]
, (A4)

then the wrench space represents all forces and torques that constrain the body motion.
Operation “◦” is known as a reciprocal product, and screws ξ and ζ that satisfy condition
(A3) are reciprocal.

If two bodies are connected by a series of joints, we can associate unit twist ξj (s = 1
in expression (A2)) j = 1 . . . m with each joint, where m is a number of joints. Then, twist
system T comprising twists ξ1, ξ2, . . . , ξm will define the space of possible velocities of
one body relative to the other. The reciprocal wrench system W (each wrench of which is
reciprocal to each twist of system T) corresponds to constraints between the bodies.

For a parallel mechanism with n kinematic chains, each having mi joints, i = 1 . . . n,
we can define twists systems Ti of unit twists ξij, j = 1 . . . mi, associated with each chain.
Wrench system Wi reciprocal to Ti corresponds to constraints that the i-th chain imposes on
the motion of the output link. Considering all the kinematic chains, the output link motion
will be constrained such that its resulting wrench system W is a union of all wrench systems
Wi. Finally, twist system T reciprocal to W will define all the possible velocities the output
link can attain. One should never forget that all the screws are instantaneous, and the
results of the analysis performed above depend on a particular mechanism configuration.
In some configurations, twist or wrench systems can include linearly dependent screws.
Such situations are known as singularities, and the mechanism can lose or gain degrees of
freedom in singular configurations, or even change its motion type when passing through
them. Authors of [34] present a thorough analysis of this topic.

Appendix B. Hexapod Elements Geometry

Figure A1 shows hexapod links with identified mass centers and axes used to calculate
the inertia parameters. The links shown in Figure A1a–d,g rotate around the fixed axes, and
their inertia moments are calculated relative to these axes. The inertia tensors for the links
having spatial motion shown in Figure A1e,f are calculated with respect to the depicted
coordinate systems placed at the mass centers. The links in Figure A1a,b have displaced
mass centers because of the shaft keys.
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Figure A1. Definition of the inertia terms based on the hexapod elements geometry.
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Abstract: This paper addresses the structural-parametric synthesis and kinematic analysis of the
RoboMech class of parallel mechanisms (PM) having two sliders. The proposed methods allow
the synthesis of a PM with its structure and geometric parameters of the links to obtain the given
laws of motions of the input and output links (sliders). The paper outlines a possible application
of the proposed approach to design a PM for a cold stamping technological line. The proposed
PM is formed by connecting two sliders (input and output objects) using one passive and one
negative closing kinematic chain (CKC). The passive CKC does not impose a geometric constraint
on the movements of the sliders and the geometric parameters of its links are varied to satisfy the
geometric constraint of the negative CKC. The negative CKC imposes one geometric constraint on the
movements of the sliders and its geometric parameters are determined on the basis of the Chebyshev
and least-square approximations. Problems of positions and analogues of velocities and accelerations
of the considered PM are solved to demonstrate the feasibility and effectiveness of the proposed
formulations and case of study.

Keywords: parallel mechanism; RoboMech; structural-parametric synthesis; Chebyshev and least-square
approximations; kinematic analysis

1. Introduction

The design of manipulation robots both with serial and parallel manipulators is
carried out mainly by solving inverse kinematics and developing the control systems and
technical means according to the obtained laws of motions of the actuators [1–4]. In this
case, the actuators of manipulation robots may work in controlled regimes of intensive
accelerations and braking that worsen their dynamics and mechanical efficiency [5,6].

In order to improve the dynamic characteristics and simplify the control systems
of the designed manipulators, it is advisable to set the laws of motions of the actuators
along with the given laws of the end-effectors’ motions. The ability to set the laws of
motions of the input links improves the dynamic parameters and simplifies the control
system and therefore also increases the reliability and reduces the cost of the designed
manipulator. Such parallel manipulators, having the property of manipulation robots, such
as reproducing the given laws of motions of end-effectors, and the property of mechanisms,
such as setting the laws of motions of actuators, are called the RoboMech class parallel
mechanisms or paralell manipulators (PMs) [7].

In the simultaneous setting the laws of motions of the input and output links, the RoboMech
class PMs operate under certain structural schemes and geometric parameters of their links.
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In this case, the control elements for the movement of the PMs, i.e., the functional relation-
ship between the laws of motions of the input and output links, is laid in the determining
structure schemes and geometric parameters of the links, i.e., in the mechanical part of the
RoboMech class PMs. Such an optimal combination of mechanics and motion control of
manipulation robots corresponds to the modern concept of mechatronics as a methodology
for developing of simple, reliable and cheap technological automation.

The base for the structural synthesis of planar mechanisms is proposed by Assur [8],
according to whom the mechanism is formed by connecting to the input link (actuator)
and the base of structural groups with zero degrees of freedom (DOF). These structural
groups are then called the Assur groups, which can be of different classes and orders.
The existing methods of structural synthesis of mechanisms and manipulators are devoted
to the determination of their structural schemes according to the given numbers of DOFs,
links, kinematic pairs and their types [9–15]. A review of research on the synthesis of types
of parallel robotic mechanisms was undertaken in [16]. All of these methods do not take
into account the functional purposes of mechanisms or manipulators.

In kinematic synthesis (dimensional or parametric synthesis) of mechanisms, with their
known structural schemes, the synthesis parameters are determined by the given positions
of the input and output links. Generation of the specified movements of output links
(output objects) can be performed exactly and approximately. Exact reproduction of the
required movements of a rigid body by linkage mechanisms is possible with a limited
number of positions, depending on the structural scheme of the mechanism-generator,
while the possibility of their approximate reproduction is not limited to the number of
specified positions.

Exact methods for synthesis of mechanisms, or so-called geometric methods, are based
on kinematic geometry. The fundamentals of kinematic geometry for finite positions of
a rigid body in a plane motion were developed by Burmester and for finite-positions of
a rigid body in space were developed by Shoenflies. Burmester in [17] developed the
theory of a moving plane having four and five positions on circles. Shoenflies in [18]
formulated theorems on the geometrical places of points of a rigid body having seven
positions on a circle and three positions on a line. The graphical methods of Burmester and
Schoenflies theories received an analytical interpretation [19–21], which is summarized in
the monograph.

Geometric methods of mechanism synthesis are clear and simple. However, these
methods are applicable only for a limited number of positions. Moreover, the algorithms
for solving problems using these methods depend significantly on the number of specified
positions, and their complexity increases with the number of positions. Approximation
(algebraic) methods of mechanism synthesis are devoid of these disadvantages.

Problems of approximation synthesis of mechanisms were first formulated and solved
in [22]. Least-square approximations are the most widely used in the approximation
synthesis of mechanisms. For the development of this method, a new deviation func-
tion, a weighted difference with a parametric weight, proposed in [23], was important.
In contrast to the actual deviation, the weighted difference can be reduced to linear forms
(generalized polynomials). This makes it quite easy to apply linear approximation methods
to the synthesis of mechanisms. This eliminates the limit on the maximum number of
specified positions of the moving object.

Combining the main advantages of geometric and approximation methods, a new
direction-approximation kinematic geometry of mechanism synthesis was formulated.
It studies a special class of approximation problems related to the definition of points and
lines of a rigid body describing the constraint of the synthesizing kinematic chains. In the
works [24,25], the basics of approximation kinematic geometry of the plane and spatial
movements are presented, where circular square points [24] and points with approximately
spherical and coplanar trajectories [25] are defined, which correspond to binary links of
the type RR, SS and SPk. Further, in the works [26,27], the concept of discrete Chebyshev
approximations was introduced for the kinematic synthesis of linkage mechanisms. The-
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orems characterizing the Chebyshev circle and straight line in plane motion [26] and the
Chebyshev sphere and plane in spatial motion [27], as well as iterative algorithms for
determining Chebyshev circular, spherical and other points based on minimizing the limit
values of the weighted difference, are formulated.

Many approaches for kinematic analysis and synthesis of mechanisms and manipu-
lators are based on the derivative of loop-closure equations using the vector, matrix and
screw methods [28–42]. In this case, polynomials of high degrees are obtained [43,44].

In this paper, structural-parametric synthesis and kinematic analysis of the RoboMech
class PM with two sliders is carried out on the base of modular approach, according to
which, by the given laws of motions of the input and output links, the structural scheme
and geometric parameters of links are determined from the separate simple structural
modules [45]. The considered PM is formed by connecting two sliders using one passive
and one negative closing kinematic chain (structural (modules) having zero and negative
DOF, respectively. This PM can be used in a cold stamping technological—line as proposed
in a case of study.

2. Structural Scheme of a Cold Stamping Technological Line

A scheme of a simple single-stream robotic cold stamping technological line [46] is
shown in Figure 1, where TE is the main technological equipment, IR is an industrial robot
and S is a piece-by-piece delivery store.

Figure 1. Scheme of a single-stream robotic cold stamping technological line.

This scheme is typical for technological processes with a small cycle of processing
production items on technological equipment, in particular, in cold stamping process.
In this scheme, there is no inter-operational transport system, and products (production
items) are transferred from one piece of technological equipment to another directly by
industrial robots.

The equipment of the presented scheme of the technological line operate in the follow-
ing sequence: the first industrial robot IR1 takes a workpiece in a certain position from the
first store S1 and delivers it to the first piece of technological equipment TE1, where the
workpiece is processed (stamped). After primary processing, the product is delivered by
the same industrial robot IR1 to the second store S2, where the position of the product is
changed for sequent processing. Then, the second industrial robot IR2 delivers the product
from the store S2 to the second piece of technological equipment TE2, where the second
processing of the product is carried out. After this processing, the product is delivered to
the store S3 by the second industrial robot IR2. Moreover, all equipment must operate in
accordance with a given cyclogram of the technological line.

Thus, the considered technological line for processing the product with two changing
positions of the product has two main pieces of technological equipment (hydraulic presses),
I and II, four auxiliary pieces of equipment: a device III for feeding the workpiece, a device
IV for removing the product after processing and two industrial robots V and VI (Figure 2).
These devices in total have of eight DOF. It is known that the more DOF of equipment in

165



Appl. Sci. 2021, 11, 9831

technological lines for mass production of typical products, the lower their productivity
and reliability.

 

Figure 2. Scheme of the technological line with eight DOFs.

In order to eliminate the noted disadvantages of the technological line, we reduce its
number of DOF, replacing the technological and auxiliary equipment with the RoboMech
class PMs. According to the developed principle of forming the RoboMech class PMs [7],
we combine the main technological equipment (hydraulic presses) I and II with devices
for feeding the workpieces III and removing the workpieces IV, and also combine two
industrial robots V and VI into one PM with two end-effectors.

Combination of the hydraulic presses I and II with the devices for feeding the work-
pieces III and removing the workpieces IV into PMs I’ and II’ with two sliders is carried out
by connecting the punches Q’ and Q” of the hydraulic cylinders I and II with the sliders
P’ and P” of the workpieces feeding and removing devices III and IV using passive CKCs
A’B’C’ and A”B”C”, as well as negative CKCs D’E’ and D”E”, respectively (Figure 3).

Figure 3. Structural scheme of the technological line with the RoboMech class PMs.
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Combination of two industrial robots (serial manipulators) AIIIBIIICIII and AIVBIVCIV

into one PM III′ with two output points is carried out by connecting the links BIIICIII and
BIVCIV of the serial manipulators AIIIBIIICIII and AIV BIVCIV using negative CKC DIIIEIIIFIII.

As a result, we obtain a scheme of a technological line with the RoboMech class PMs
with three DOFs, where the presses I’ and II’ have two DOF, the PM with two output point
III’ have one DOFs. Hydraulic presses I’ and II’ with devices for feeding and removing
workpieces work in the OXY plane, and the PM with two output points III’ works in
the OXZ plane. Figure 3 also shows a scheme of the PM IV′ operating in a cylindrical
coordinate system. This PM is used to store finished products in bins.

The considered technological line with the RoboMech class PMs operates as follows.
When feeding the workpiece for processing by the press I’, the slider P’ takes the right
extreme position, and the punch Q’ of the hydraulic cylinder takes the upper extreme
position. When processing the workpiece, the punch Q’ of this press takes the lower
extreme position, and the slider P’ returns to the left extreme position to deliver the next
workpiece. At the moment of return of the punch Q’ of the hydraulic cylinder I’ to the
upper position, the first gripper C”’ of the PM with two output points takes the extreme
left position, captures the processed workpiece and delivers it to the store. At this moment,
the second gripper CIV delivers the previously processed workpiece to the press II′ for
further processing, i.e., takes the extreme upper position. After the secondary processing of
the workpiece, the finished product is delivered to the container by the slider P”. Then the
cycle is repeated.

After accumulation of products in the container, it is stored in bins with the help of
PM IV’. A gripper CV of this PM reproduces the series of horizontal and vertical trajectories.
In this case, the series of horizontal trajectories are reproduced by input link DVEV and the
series of vertical trajectories are reproduced by input link IVHV drive. Rotation of the entire
PM around the vertical axis provides a spatial movement of the gripper CV in a cylindrical
coordinate system. Structural-parametric synthesis of this PM is considered in [47]. Let us
consider the structural-parametric synthesis of the PM with two sliders.

3. Structural-Parametric Synthesis of the PM with Two Sliders

The problem of structural-parametric synthesis of the PM with two sliders is to
determine the structural scheme and geometric parameters of links, when the first slider
Q (the punch of a hydraulic press) takes the lower extreme position with a stroke sQ1 ,
the second slider P takes the left extreme position with a stroke sP1 (Figure 4a) and also,
when the first slider Q takes the upper extreme position with a stroke sPN , and the second
slider P takes the right extreme position with a stroke sQN (Figure 4b). For the convenience
of reporting the strokes of the sliders, the absolute coordinate system OXY is located at the
point of their intersection.

 
(a) (b) 

Figure 4. (a) lower extreme and (b) upper extreme positions of the slider Q.
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As noted above, to form the PM with two sliders, providing their specified positions,
we connect the punch Q of the hydraulic press and the slider P using the dyad ABC with
revolute kinematic pairs. The dyad ABC has zero DOF and it is a passive CKC, which
does not impose geometric constraints on the movements of the punch Q and the slider P.
Therefore, the passive CKC ABC allows reproduction of the specified movements of the
sliders Q and P. Then we connect the link BC of the dyad ABC with a base using a binary
link DE with revolute kinematic pairs, which has one negative DOF, it is a negative CKC.
Negative CKC DE imposes one geometric constraint on the movements of the sliders Q
and P, and as a result, we obtain a structural scheme of the PM with structural formula
I (0,1) → III (3,4,2,5), where the kinematic chain 3-4-2-5 represents the Assur group of the
third class [48]. Figure 5 shows a block structure of the formed PM with two sliders.

Figure 5. Block structure of the PM with two sliders.

For parametric synthesis of the PM with two sliders, let us consider its i-th intermediate
position and attach the coordinate systems Qx1y1 and Px2y2 with the sliders (Figure 6),
the axes Px1 and Qx2 which are directed parallel to the axis OX of the absolute coordinate
system OXY. Then, the movements of the sliders are determined by the parameters sQi and
sPi of the coordinate systems Px2y2 and Qx2y2 movements, where i = 1, 2 ..., N (N is the
number of given positions). Parametric synthesis of this PM with two sliders, according to
its block structure (Figure 5), consists of a parametric synthesis of the passive CKC ABC
and the negative CKC DE.

 

Figure 6. Intermediate position of the PM with two sliders.

The synthesis parameters (geometric parameters of the links) of the passive CKC

ABC is a vector r1 =
[

x(1)A , y(1)A , x(2)C , y(2)C , lAB, lBC

]T
, where x(1)A , y(1)A and x(2)C , y(2)C are the

coordinates of the joints A and C in the moving coordinate systems Qx1y1 and Px2y2
respectively, lAB and lBC are the lengths of the links AB and BC. Since the passive CKC
ABC does not impose geometric constraint on the movements of the sliders Q and P,
then its synthesis parameters are set, they are varied by the generator of LPτ sequence [49]
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depending on the geometric constraint imposed by the negative CKC DE. Negative CKC
DE imposes one geometric constraint on the movements of the links AB and BC of the
passive CKC ABC; therefore, its synthesis parameters are determined.

Let us consider the parametric synthesis of the negative CKC DE. To do this, it is
necessary to first determine the angle ϕ4i by the expression

ϕ4i = ϕ(CA)i
+ cos−1

l2
BC + l2

(CA)i
− l2

AB

lBCl(CA)i

, (1)

where

ϕ(CA)i
= tg−1 YAi − YCi

XAi − XCi

, (2)

l(CA)i
= [(XAi − XCi )

2 + (YAi − YCi )
2]

1
2 . (3)

Coordinates XAi , YAi and XCi , YCi of the joints A and C in the absolute coordinate
system OXY in Equations (2) and (3) are determined by the expressions

XAi = x(1)A , YAi = sQi + y(1)A , XCi = −sPi + x(2)C , YCi = y(2)C . (4)

With the link CB of the dyad ABC, we attach the coordinate system Cx4y4, the axis
Cx4 of which is directed along the link CB. Then, the synthesis parameters of the negative

CKC DE are the vector r2 =
[

x(4)E , y(4)E , XD, YD, lDE

]T
, where x(4)E , y(4)E and XD, YD are the

coordinates of the joints E and D in the coordinate systems Cx4y4 and OXY, respectively.
Let us consider the motion of the plane Cx4y4 in the absolute coordinate system

OXY. In this case, the joint E
(

x(4)E , y(4)E

)
moves along an arc of a circle with a center at the

joint D(XD, YD) and a radius lDE. Consequently, an equation of the geometric constraint
imposed by the negative CKC DE of the RR type on the motion of the moving plane Cx4y4
is expressed as a weighted difference

Δqi =
(
XEi − XD

)2
+
(
YEi − YD

)2 − l2
DE, (5)

where XEi and YEi are the coordinates of the joint E in the absolute coordinate system OXY,
which are determined by the expression[

XEi
YEi

]
=

[
XCi
YCi

]
+

[
cosϕ4i −sinϕ4i
sinϕ4i cosϕ4i

]
·
[

x(2)E
y(2)E

]
(6)

After substituting Equation (6) into Equation (5) and replacing the synthesis parame-
ters of the form[

p1
p2

]
=

[
XD
YD

]
,
[

p4
p5

]
=

[
x(4)E
y(4)E

]
, p3 =

1
2

(
X2

D + Y2
D + x(4)

2

E + y(4)
2

E − l2
ED

)
(7)

then Equation (5) is expressed linearly in two groups of synthesis parameters p(1)2 = [p1, p2, p3]
T

and p(2)
2 = [p4, p5, p3]

T in the form

Δq(k)i

(
p(k)

2

)
= 2
(

g(k)
T

i · p(k)
2 − g(k)oi

)
, k = 1, 2, (8)
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where g(k)i and g(k)oi are the coefficients of the vectors p(k)
2 and free terms depending on the

remaining synthesis parameters, which have the form

g
(1)
i = −

⎡⎣ XCi
YCi
1

⎤⎦−
⎡⎣ Γ(ϕ4i)

0
0

0 0 1

⎤⎦ ·
⎡⎣ p4

p5
0

⎤⎦ (9)

g
(2)
i =

⎡⎣ Γ(ϕ4i)
0
0

0 0 1

⎤⎦ ·
⎡⎣ XCi

YCi
1

⎤⎦+

⎡⎣ Γ(ϕ4i)
0
0

0 0 1

⎤⎦ ·
⎡⎣ p1

p2
0

⎤⎦ (10)

g(1)oi = −1
2

[
X2

Ci
+ Y2

Ci

]
+
[
XCi , YCi

] · Γ(ϕ4i)

[
p4
p5

]
(11)

g(2)oi = −1
2

[
X2

Ci
+ Y2

Ci

]
− [XCi , YCi

] · [ p1
p2

]
, (12)

where Γ(α) is a rotation matrix of view

Γ(α) =

[
cosα −sinα
sinα cosα

]
. (13)

The linear representability of Equation (5) allows one to formulate and solve the
Chebyshev and least-square approximations for parametric synthesis [50]. In the Cheby-
shev approximation problem, the vectors of synthesis parameters are determined from the
minimum of the functional

S(k)
(

p(k)
2

)
= max

i=1,N

∣∣∣Δq(k)ij

(
p(k)

2

)∣∣∣2 → min
p(k)2

S(k)
(

p(k)2

)
(14)

In the least-square approximation problem, the synthesis parameters vectors are
determined from the minimum of the functional

S(k)
(

p(k)
2

)
=

M

∑
i=1

∣∣∣Δq(k)i

(
p(k)

2

)∣∣∣2 → min
p(k)2

S(k)
(

p(k)
2

)
. (15)

The linear representability of Equation (5) allows the use of the kinematic inversion
method, which is an iterative process, at each step of which one group of synthesis param-
eters p(k)

2 is determined to solve the Chebyshev approximation problem (Equation (14)).
In this case, the linear programming problem is solved [51]. To do this, we introduce a
new variable p′ = ε, where ε is the required approximation accuracy. Then the minimax
problem (Equation (14)) leads to the following linear programming problem: determine
the minimum of the sum

σ = cT · x → min
x

σ, (16)

with the following constraints

h′T
i · x + h0i ≥ 0,h′′T · x − h0i ≥ 0, (17)

where
c = [0, . . . , 0, 1]T ,x =

[
p(k)

2 , p′
]T

,h′
i =
[
−g(k)i , 0.5

]T
, (18)

h′′ =
[
g(k)i , 0.5

]T
,h0i = g0i. (19)

The sequence of the obtained values of the function S(k) will decrease and have a limit
as a sequence bounded below, because S(k)

(
p(k)

2

)
≥ 0 for any p(k)

2 .
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Let consider the least-square approximation problem (Equation (15)) for the synthesis.
The necessary conditions for the minimum of functions (Equation (15)) with respect to the
parameters p(k)

2

∂S(k)
i

∂p(k)
2

= 0, (20)

leading to the systems of linear equations

H(k) · p(k)
2 = h(k), (21)

where

H(k) =
N

∑
i=1

⎡⎢⎣ g(k)1i
2 g(k)1i g(k)2i g(k)1i

2

g(k)1i · g(k)2i g(k)2i
2 g(k)2i

2

g1i g(k)2i
2 1

⎤⎥⎦, (22)

h(k) =
N

∑
i=1

⎡⎢⎣ g(k)1i · g(k)0i
g(k)2i · g(k)0i

g0i

⎤⎥⎦. (23)

Solving these systems of linear equations for each group of synthesis parameters for
given values of the remaining groups of synthesis parameters, we determine their values

r(k)2 = H(k)−1 · h(k), (24)

at det(H(k)) �= 0. If det(H(k)) = 0, then the revolute kinematic pair is replaced by prismatic
kinematic pair.

The matrix H(k) can be represented as a product H1 · H1
T , where H1 is a matrix with

dimension r × N (in the considered case r = 3)

H1 =

⎡⎢⎢⎢⎢⎣
g(k)11 g(k)12 . . . g(k)1N
g(k)21 g(k)22 . . . g(k)2N

...
... . . .

...
g(k)r1 g(k)r2 . . . g(k)rN

⎤⎥⎥⎥⎥⎦. (25)

According to the Binet-Cauchy formula [52], the determinant detHk becomes into the
sum of the squares of all minors Hαβγ of order r (we assume that N ≥ r) in the matrix H1,
compiled in ascending order of the column indices, i.e.,

detHk = ∑
1≤α≤β≤γ

H2
αβγ. (26)

Consequently, the determinant detHk is positive definite together with the principal
minors and the solution of the set of linear Equation (21) corresponds to the minimum of
the function S with respect to the parameters p(k). Hence, the least-square approximation
problem (Equation (15)) can be solved by the linear iterations method, at each step of which
one group of parameters p(k) is determined. The sequence of values of the function S will
be decreasing and have a limit as a sequence bounded below.

4. Kinematic Analysis of the PM with Two Sliders

Given the synthesis parameters and the positions sQi of the hydraulic cylinder punch
Q, it is necessary to find the kinematic parameters of the slider P.

This PM (Figure 6) has the structural formula

I(1) → III(2, 3, 4, 5), (27)
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i.e., the PM contains an Assur group of the third class with one external prismatic kinematic
pair [41]. In the literature, there is no solution of kinematics of this type group.

4.1. Position Analysis

For position analysis of the considered PM, we use the method of conditional general-
ized coordinates [50]. According to this method, we remove the link 5 by disconnecting
the elements of the joints D and E and select the slider P as a conditional input link due
to the additional DOF that appears. Then, this PM of the third class is transformed into a
mechanism of the second class with the structural formula

I(1) → II(3, 4) ← I(2). (28)

Derive the function
Δ = lDE − l̃DE, (29)

where l̃DE is a variable distance between the centers of the disconnected joints D and E,
which is determined by the expression

l̃DE =
[(

KhDi − KhE
)2

+
(
YDi − YE

)2
] 1

2 . (30)

Coordinates KhDi and YDi of the joint D center in Equation (30) are determined by
the equation [

XDi
YCi

]
=

[
XCi
YCi

]
+

[
cosϕ4i −sinϕ4i
sinϕ4i cosϕ4i

]
·
[

x(4)D
y(4)D

]
, (31)

where [
XCi
YCi

]
=

[
−
(

sPi + x(2)C

)
y(2)C

]
. (32)

To determine the angle ϕ4i in Equation (31), we derive a vector ABC loop-closure equation

lABe3i − lCDBe4i + l(CA)i
e(CA)i

= 0, (33)

l(CA)i
= [(XAi − XCi )

2 + (YAi − YCi )
2]

1
2 , (34)

ϕ(CA)i
= tg−1 YAi − YCi

XAi − XCi

, (35)

[
XAi
YAi

]
=

[
−x(1)A

sQi + y(1)A

]
. (36)

In Equation (33) e denotes the unit vector.
We transfer lABe3i to the right side of Equation (33) and square both sides. As a result,

we obtain

ϕ4i = ϕ(CA)i
+ cos−1

l2
CB + l2

(CA)i
− l2

AB

2lCBl(CA)i

, (37)

Next, we define [
XBi
YBi

]
=

[
XCi
YCi

]
+ lCB

[
cosϕ4i
sinϕ4i

]
, (38)

ϕ3i = tg−1 YBi − YAi

XBi − XAi

. (39)

Thus, Equation (29) is a function of one variable: the conditional generalized co-
ordinate sPi , for the given values of the real generalized coordinate sQi . Minimizing
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Equation (29) with respect to a variable sPi by the bisection method [53], we determine
its values for given values sQi . In this case, the angles ϕ3i and ϕ4i are simultaneously
determined. The angle ϕ5i is determined by the expression

ϕ5i = tg−1 YDi − YE

XDi − XE
. (40)

4.2. Analogues of Velocities and Accelerations

To solve the problems of analogues of velocities and accelerations of the PM with two
sliders, we select its independent vector contours, the number of which is equal to half the
number of links of the Assur group, i.e., it is equal to two. As independent vector contours,
we choose the contours OQ’ABCC’O and OQ’ABDEO, the vector loop-closure equations of
which have the forms

lOQ′eOQ′ + lQ′AeQ′A + lABe3i − lCBe4i + lCC′eCC′ − l(OC′)i
eOC′ = 0

lOQ′eOQ′ + lQ′AeQ′A + lABe3i − lDBe(DB)i
− lEDe5i − lOEeOE = 0

}
(41)

Project the system of Equation (41) on the axes OX and OY of the absolute coordinate
system OXY

lQ′A + lABcosϕ3i − lCBcosϕ4i − l(OC′)i
= 0

lOQ′ + lABsinϕ3i − lCBsinϕ4i + lCC′ = 0
lQ′A + lABcosϕ3i − lDBcos(ϕ4i − α4)− lEDcosϕ5i − lOEcosϕOE = 0
lOQ′ + lABsinϕ3i − lDBsin(ϕ4i − α4)− lEDsinϕ5i − lOEsinϕOE = 0

⎫⎪⎪⎬⎪⎪⎭ (42)

Differentiate the system of Equation (42) with respect to the generalized coordinate sQi

−lABsinϕ3i · ϕ′
3i − lCBsinϕ4i · ϕ′

4i − uPi = 0
1 + lABcosϕ3i · ϕ′

3i − lCBcosϕ4i · ϕ′
4i = 0

−lABsinϕ3i · ϕ′
3i + lDBsin(ϕ4i − α4) · ϕ′

4i + lEDsinϕ5i · ϕ′
5i = 0

1 + lABcosϕ3i · ϕ′
3i − lDBcos(ϕ4i − α4) · ϕ′

4i − lEDcosϕ5i · ϕ′
5i = 0

⎫⎪⎪⎬⎪⎪⎭ (43)

From the system of Equation (43) we determine the analogues of velocities

u = A−1 · b, (44)

where

A =

⎡⎢⎢⎣
YAi − YBi YBi − YCi 0 −1
XBi − XAi XCi − XBi 0 0
YAi − YBi YBi − YDi YDi − YE 0
XBi − XAi XDi − XBi XE − XDi 0

⎤⎥⎥⎦ (45)

u =

⎡⎢⎢⎢⎣
ϕ′

3i
ϕ′

4i
ϕ′

5i
uPi

⎤⎥⎥⎥⎦, b =

⎡⎢⎢⎣
0
−1
0
0

⎤⎥⎥⎦. (46)

Differentiate the system of Equation (43) with respect to the generalized coordinate sQi

−lABcosϕ3i · ϕ′2
3i − lABsinϕ3i · ϕ

′′
3i + lCBcosϕ4i · ϕ′2

4i + lCBsinϕ4i · ϕ
′′
4i − w′′

Pi
= 0

−lABsinϕ3i · ϕ′2
3i + lABcosϕ3i · ϕ

′′
3i + lCBsinϕ4i · ϕ′2

4i + lCBcosϕ4i · ϕ
′′
4i = 0

−lABcosϕ3i · ϕ′2
3i − lABsinϕ3i · ϕ

′′
3i + lDBcos(ϕ4i − α4) · ϕ′2

4i+

+lDBsin(ϕ4i − α4) · ϕ
′′
4i + lEDcosϕ5i · ϕ′2

5i + lEDsinϕ5i · ϕ
′′
5i = 0

−lABsinϕ3i · ϕ′2
3i − lABcosϕ3i · ϕ

′′
3i + lDBsin(ϕ4i − α4) · ϕ′2

4i−
−lDBcos(ϕ4i − α4) · ϕ

′′
4i + lEDsinϕ5i · ϕ′2

5i − lEDcosϕ5i · ϕ
′′
5i = 0

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
(47)
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Then we obtain the analogues of accelerations

w = A−1 · c, (48)

where

w =

⎡⎢⎢⎢⎣
ϕ
′′
3i

ϕ
′′
4i

ϕ
′′
5i

wPi

⎤⎥⎥⎥⎦, c =

⎡⎢⎢⎢⎢⎣
(
XBi − XAi

) · ϕ′2
3i
+
(
XCi − XBi

) · ϕ′2
4i(

YBi − YAi

) · ϕ′2
3i
+
(
YCi − YBi

) · ϕ′2
4i(

XBi − XAi

) · ϕ′2
3i
+
(
XDi − XBi

) · ϕ′2
4i
+
(
XEi − XDi

) · ϕ′2
5i(

YBi − YAi

) · ϕ′2
3i
+
(
YDi − YBi

) · ϕ′2
4i
+
(
YEi − YDi

) · ϕ′2
5i

⎤⎥⎥⎥⎥⎦ (49)

5. Numerical Results and Prototyping

N = 11 positions sQi and sPi of the input and output sliders of the PM with two sliders
are shown in Table 1.

Table 1. Positions of the input and output sliders.

i 1 2 3 4 5 6 7 8 9 10 11

sQi , mm 0 6.0 12.0 18.0 24.0 30.0 36.0 42.0 48.0 54.0 60
sPi , mm −97.88 −87.86 −80.29 −73.46 −66.8 −59.97 −52.63 −44.31 −34.18 −19.99 0

Tables 2 and 3 show the obtained values of the synthesis parameters of the passive
CKC ABC and negative CKC DE, respectively.

Table 2. Synthesis parameters of the passive CKC ABC.

x(1)
A ,mm y(1)

A ,mm x(2)
C ,mm y(2)

C ,mm lAB,mm lBC,mm

−7.5012 2.0817 −2.5335 1.7562 60.0174 100.0207

Table 3. Synthesis parameters of the negative CKC DE.

x(4)
D ,mm y(4)

D ,mm XЕ,mm YЕ,mm lED,mm

50.0628 −20.0408 −69.5361 67.9353 60.7365

3D CAD model of the synthesised PM with two sliders is shown in Figure 7.

Figure 7. 3D CAD model of the PM with two sliders.
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Table 4 shows the obtained values of the positions sPi and analogues of the linear
velocities uPi and linear accelerations wPi of the output slider P.

Table 4. Positions and anologues of the linear velocities and accelerations of the output slider P.

i 1 2 3 4 5 6 7 8 9 10 11

sPi , mm −97.88 −87.86 −80.29 −73.46 −66.8 −59.97 −52.63 −44.31 −34.18 −19.99 0

uPi , 29.0364 24.8392 20.6181 16.0497 10.9754 5.2438 −1.3316 −9.0244 −18.3301 −30.4705 −44.6353

wPi , mm−1 1.8788 1.4345 1.1417 08.1868 07.3624 1.02159 1.4427 2.2557 3.5165 3.6692 1.9001

Graphics of the parameters sPi , uPi , wPi are shown in Figure 8.

 

Figure 8. Graphics of the parameters sPi ,uPi ,wPi .

A prototype of the PM with two sliders, and a block scheme of its characteristics are
shown in Figures 9 and 10, respectively.

 
(a)                              (b) 

Figure 9. Prototype of the PM with two sliders: (a) the first position (b) the second position.
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Figure 10. Block scheme of the PM with two sliders work.

At the beginning, the hydraulic cylinder punch is located at the upper extreme position,
and the distance sensor 1 checks a presence of the workpiece for stamping in the die.
If there is no workpiece, then the presence of the workpiece in the store is checked using
the distance sensor 2. If there is no workpiece in the store, the motor does not turn on.
If there is the workpiece in the store, the motor turns on and the punch moves to the lower
working position. At this time, the PM slider moves to the left extreme position for the
next workpiece.

The first stroke of the punch will be idle. After reaching the lower extreme position
of the punch, the distance sensor 1 gives the command to the hydraulic cylinder valve
to switch and the punch rises until reaching the touch sensor. In this case, the hydraulic
cylinder valve switches, the hydraulic cylinder motor is turned off, and the PM delivers
the workpiece to the die (working area). Further, the distance sensor 1 checks the presence
of the workpiece in the die.

After delivering the workpiece to the die, the motor turns on and the punch goes
down to the lower working position, where the weight sensor is located, which regulates
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the press force for high-quality stamping. The hydraulic cylinder valve switches after
punching, and the punch rises until it reaches the touch sensor. In this case, the hydraulic
cylinder valve is switched and its motor is turned off. This cycle is repeated until the end
of the workpieces in the store. The connection scheme of the sensors and motor is shown
in Figure 11.

 

Figure 11. Connection scheme of the sensors and motor.

6. Conclusions

The scheme of a cold-stamping technological line with the use of RoboMech class PMs
has been developed. This technological line uses three RoboMech class PMs: a PM with
two sliders, a PM with two end-effectors, and a PM working in a cylindrical coordinate
system. The PM with two sliders is formed by connecting two sliders (input and output
objects) and a base using one passive and one negative CKC. The formed PM with two
sliders contains an Assur group of the third class with one external prismatic kinematic pair.
Geometric parameters of the negative CKC are determined on the basis of the Chebyshev
and least-square approximations. The problem of the positions of the PM with two sliders
is solved using the method of conditional generalized coordinates. The 3D CAD model
and prototype of the PM with two sliders have been made.
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Abstract: Robots for rehabilitation tasks require a high degree of safety for the interaction with both
the patients and for the operators. In particular, high safety is a stable and intuitive control of the
moving elements of the system combined with an external system of sensors able to monitor the
position of every aspect of the rehabilitation system (operator, robot, and patient) and overcome in a
certain measure all the events that may occur during the robotic rehabilitation procedure. This paper
presents the development of an internal torque monitoring system for ASPIRE. This is a parallel robot
designed for shoulder rehabilitation, which enables the use of strategies towards developing a HRI
(human–robot interaction) system for the therapy. A complete analysis regarding the components of
the robotic system is carried out with the purpose of determining the dynamic behavior of the system.
Next, the proposed torque monitoring system is developed with respect to the previously obtained
data. Several experimental tests are performed using healthy subjects being equipped with a series
of biomedical sensors with the purpose of validating the proposed torque monitoring strategy and,
at the same time, to satisfy the degree of safety that is requested by the medical procedure.

Keywords: robotic rehabilitation; brachial monoparesis; torque monitoring; human–robot interaction

1. Introduction

Monoplegia is a type of paralysis that affects one of the limbs (arm or leg), permanently
or temporarily [1].When monoplegia is located on one of the upper limbs it is referred to as
brachial monoplegia and if it is located on one of the lower limbs it is referred to as crural
monoplegia [2].There are several neurological disorders that may cause monoplegia, most
common are: stroke, cerebral palsy, Guillain–Barre syndrome, peripheral neuropathy, Lou
Gehrig’s disease, head or spinal trauma, and neuropathy. With respect to the neurological
disease that caused the monoplegia, sometimes it can evolve to paraplegia or hemiplegia.
A less severe form of monoplegia is called monoparesis and monoparesis of the upper
limb is referred as brachial monoparesis. Pure brachial monoparesis is usually caused by
stroke [3] and its effects are weakness, spasticity, numbness, paralysis, pain, and headaches.
Stroke may occur in any age group, but it is more frequent in ages of 55 to 85. In 2017
United Nations released a series of highlights regarding trending in the ageing of the
worldwide population [4]. According to these statistics in 2017 population aged over
60 years numbered 962 million worldwide. The same study reveals that by 2030 the
number will rise to 1.41 billion and by 2050 it will surpass 2 billion.

There is no cure for brachial monoparesis but with the help of physical therapy per-
formed under the supervision and help of a physiotherapist, some muscular tonus and
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functionalities may be regained [5]. Physical therapy of brachial monoparesis implies repeti-
tive motion of the upper limb with motor deficit. With respect to the affected area (shoulder,
elbow, wrist, fingers) different rehabilitation motions are used, targeting the specific motion
of each articulation, but each motion must be done by special medical personnel.

The capability of the NHS (National Health System) to provide medical care for each
person in need has been seriously stressed lately. Previous statistics preconized that in 2030
the NHS will be unable to provide medical care for the people in need due to personal
shortage [5]; momentarily there is a crisis regarding staff recruiting in the NHS [6] so this
prevision seams quite close. All the above data raises a question: Who will provide care for
the ones in need in the near future? There is no simple and straight forward answer to this
question, but there are research domains trying to overcome the predicted personnel crisis
and one of these domains is medical robotics. Developing robotic solutions for the medical
care should not imply substituting the medical personnel from the operation/therapy room
but providing means for the health careers to deliver a more precise and effective treatment
with less effort and allowing them to serve more efficiently a larger number of patients.
The effectiveness of the physical therapy when discussing rehabilitation of stroke or other
neurological disease survivors is largely dependent on how fast the treatment is delivered
to the patient. With the help of robotic devices this treatment may be delivered in the acute
phase, immediately after patient stabilization, following a stroke incident.

Robotic devices for brachial monoparesis should be able to mold the impaired upper
limb and mimic the rehabilitation motion of the targeted anatomical articulation. Several
solutions for upper limb rehabilitation have been developed; one can classify these solutions
in exoskeletons and end-effectors systems [7].

Gull et al. [8] developed an adaptive 4-DOF exoskeleton for upper limb rehabilitation,
mountable on a wheelchair, able to carry the patient throughout daily activities like eating
and drinking. The exoskeleton uses an open-chain structure to mimic the anatomy of
the upper limb joints and it is divided into three modules: shoulder module, elbow
module, and wrist module. The exoskeleton uses a proportional-derivative control method
implemented using ROS (Robotic Operating System) and it uses the dynamic model of the
mechanism and the weights of the upper limb segments to hold the arm in position during
daily tasks. The system has yet to undergo clinical trials and user acceptance.

Studies regarding the development of upper limb exoskeletons were also published
in [9–12], some of them being based on the study of the dynamic behavior of the ex-
oskeletons and the possibility to control the robotic solutions to maximize the efficiency of
the rehabilitation.

Paolucci [13] presents MOTORE (Mobile Robot for upper limb neuro-ortho rehabil-
itation), an end-effector based robotic system for upper limb rehabilitation able to offer
different modes of operation ranging from offering support for functional patients to as-
sisted movement for patients with severe hemiplegia. The device comes with a visual
feedback system that helps in performing daily tasks such reaching and carrying with the
goal of rehabilitating the shoulder and the elbow. The device underwent clinical trials re-
sulting in a good efficiency of the rehabilitation, reduction of spasticity, and improvements
in the upper limb functions and at the same time reduction of the pain. The authors also
stated a series of limitations of the study like neuropsychological limitations, absence of
instrumental evaluation to assess the correlation between the variation of spasticity and
muscle strength, and lack of analysis at aphasia level. There are several studies regard-
ing the development of end-effector based rehabilitation devices [14–17], some of them
developed until the stage of clinical trials.

All the above studies have in common use of several tools to achieve the safety
required by the medical procedure. The safety may be achieved through an effective corre-
lation between the kinematics of the medical robot [18–23] and the control system [24–31]
used to actuate the robotic structure with respect to human–robot interactions [32–35].

Regarding rehabilitation robots where human–robot interaction is required, the safety
of the patient during the rehabilitation procedure should be of utmost importance. For
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achieving a high level of safety, the dynamic behavior of the robotic structure should be
carefully and completely analyzed, and the control system should be able to perform the
rehabilitation procedure with respect to the data obtained after the dynamic behavior
analysis and at the same time to be able to interact with the patient during the procedure
in order to react to any deviation from the initial rehabilitation plan.

This paper focuses on the development of an internal torque monitoring system for a
rehabilitation system. Section 2.1 of the paper presents the ASPIRE robotic structure. The
mechanical structure passed through a few optimization phases to improve the behavior
of the structure during the rehabilitation procedure. The dynamic behavior of each reha-
bilitation module is studied in Section 2.2. to obtain the nominal working torques and
the torque monitoring system is developed with respect to the obtained results regarding
the dynamic behavior in Section 2.3 followed by Section 2.4 where the torque monitoring
system is experimentally tested and validated. The third section of the paper consists of
results of the research, followed by discussions and conclusions.

2. Materials and Methods

2.1. Short Description of ASPIRE

ASPIRE is a parallel robot for shoulder rehabilitation, whose design is outlined in [36].
The robotic structure is based on a spherical architecture, and it is capable of performing
flexion, extension, adduction, and abduction of the shoulder. The system is also able to
perform the pronation and supination of the forearm. The kinematic scheme of ASPIRE
robotic structure is presented in Figure 1 [37]. The robot is composed of two modules:
the first module is the one containing tools for performing the shoulder rehabilitation
procedure (one axis for each rehabilitation motion). The OXYZ reference system indicates
the center of shoulder joint, and all rehabilitation motions are described using this point.
The adduction-abduction motion is performed using the q1 axis that rotates a circular guide
(G1) attached to circular guide G2 using a passive revolute joint (rf). The flexion-extension
motion is performed by q2 axis that rotates the circular guide G2. The interconnected
circular guides impose a spherical trajectory of O’X’Y’Z’ reference system with respect to
the shoulder joint center. The pronation-supination motion is performed using axis q3 that
reorients the O’X’Y’Z’ reference system around X’ axis.

Figure 1. Kinematic scheme of ASPIRE [36].

The second module is used for adjusting the rehabilitation mechanisms based on
patient height and it contains one axis (q4) that displaces vertically the OXYZ refer-
ence system of the structure. The motion amplitudes for each rehabilitation motions are
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±80 degrees [38] and the limb positions during the rehabilitation may be seen in Figure 2a.
During the rehabilitation procedure, the patient is seated, and his right shoulder is pressed
against the shoulder plate of the robot; the forearm is attached within the forearm sup-
port. His palm is placed on the pronation-supination mechanism and held in place by an
elastic band as it can be seen in Figure 2b where the experimental model of the ASPIRE
is presented.

 

(a) (b) 

Figure 2. Arm position during rehabilitation and motion amplitudes (a); patient position during rehabilitation, experimental
model (b).

At the end of 2019, the robotic structure was enrolled for first set of clinical trials
within a rehabilitation hospital in Cluj-Napoca. During this clinical trial, among validating
the functionality of the system, a series of risk factors were identified and analyzed. The
identified risk factors along with their associated risk and overcome measures are given
in Table 1. Torque monitoring was revealed to be part of solution to some of the identi-
fied risks and the next step was to design the manner that torque should influence the
rehabilitation procedure.

Table 1. Risk factors identified during the physical rehabilitation.

Risk Factor Associated Risk Risk Overcome Measure

Tremor
The patient may detach from the
rehabilitation device.
Creates supplementary jerk in the system.

By monitoring the torque, the rehabilitation
procedure may be performed with respect to the
tremor frequency of the patient

Spasticity May harm the patient arm.
May break soft parts in the rehabilitation system.

By monitoring the torque in the system, the
spasticity may be identified. In addition, using
torque monitoring the patient arm may be slowly
stretched over the spasticity limit

Unable to maintain
seating position

The patient may fall and detach from the
rehabilitation device.

The patient must be strapped by the
rehabilitation chair. The rehabilitation chair must
be a sturdy one and allow harness fixtures.

Spasms
Muscular pain

May harm the patient arm.
May break soft parts in the rehabilitation system.

By monitoring the torque in the system, the
spasms may be identified. When spasms occur,
the system requires medical intervention and the
motion is stopped until further instructions.

Headaches/Migraine,
Depression

The patient cannot concentrate to the
rehabilitation process.

Here, multimodal simulation and interactive
procedures can be of help. By keeping the
patient busy, he/she will focus more on the tasks.
In this case, torque-based control allows multiple
exercises, including AR ones.

Seizures May harm the patient arm.
May break soft parts in the rehabilitation system.

By monitoring the torque in the system, the
seizures may be identified. When seizures occur,
the system require medical intervention and the
motion is stopped until further instructions.
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Table 1. Cont.

Risk Factor Associated Risk Risk Overcome Measure

Wounds
Skin diseases

Cannulas or wounds in anchor points may create
discomfort during the rehabilitation

When the patient presents wounds over the
anchor zones, bandage must be applied before
attaching the rehabilitation device

Overall poor health state Pulmonary, respiratory, cardiovascular diseases
may influence the effects of the rehabilitation.

When enrolling the physical rehabilitation, the
patient must not have diseases that may obstruct
the physical therapy.

2.2. The Dynamic Analysis of ASPIRE

As stated in the first section of the paper, a robotic system for physical rehabilitation
should undergo a dynamic analysis to determine the behavior of the robotic structure
during the rehabilitation procedure, hence this section extends the dynamic analysis
previously presented in [37], with a series of properties regarding the components of the
robotic structure. Each motion module of ASPIRE (the module for flexion/extension,
the one for adduction/abduction and the one for pronation supination) is analyzed with
respect to the composing components. By studying the dynamic behavior of each module
using virtual simulation the required torque to perform different rehabilitation scenarios
can be computed. Figure 3 presents the ASPIRE structure divided into rehabilitation
modules. The mass of each module was computed using Siemens NX; the adduction-
abduction module weighs 25.39 kg, the flexion-extension module weighs 18.25 kg, and the
pronation-supination module weighs 1.29 kg.

Figure 3. ASPIRE rehabilitation modules.

To analyze the dynamic behavior of each rehabilitation module a harmonic motion was
used as input for each active revolute joint (Amplitude: 50◦, Frequency: 100 ◦/s) and the
recorded torques of each joint are graphically represented. To achieve more accurate results,
a simulated manikin was used during the simulation. For computing the biomechanical
model of the patient Plagenhoef model [38] was used which defines standard man and
women limb segments weights. The values for the upper limb extracted from [38] are given
in Table 2.
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Table 2. Weight of upper-limb segment according to Plagenhoef [39].

Segment Segment Weight

Men Woman
Hand 0.526 kg 0.306 kg
Forearm 1.519 kg 0.965 kg
Upper arm 2.633 kg 1.777 kg

For the virtual simulation max value of segments weights was used for each upper-
limb segment (0.526 kg for hand weight, 1.519 kg for forearm segment, and 2.633 kg for
upper arm segment); the virtual setup is displayed in Figure 4.

 

Figure 4. Virtual setup for simulation.

The virtual manikin was defined using the above data and the position of the patient
during the procedure was simulated.

For the flexion-extension module, a 25-s simulation was carried on and the max torque
obtained was 127.202 Nm while the minimum value was −13.231 Nm. Figure 5 represents
the time-based torque variation during the simulation.

Figure 5. Torques recorded during the flexion-extension module simulation.
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For the adduction-abduction module also a 25-s simulation was carried on and the
max torque obtained was 5.040 Nm while the minimum value was −4.81 Nm. Figure 6
represents the time-based torque variation during the simulation. For the pronation-
supination module the max torque obtained was 1.91 Nm while the minimum value was
−1.89 Nm. Figure 7 represents the time-based torque variation during the simulation.

Figure 6. Torques recorded during the adduction-abduction module simulation.

 
Figure 7. Torques recorded during the pronation-supination module simulation.

The results obtained during the virtual simulation imply the use of quite big motors
to perform the rehabilitation motion; to overcome this problem, gearboxes were used. For
the flexion-extension mechanism a worm gearbox gear ratio I = 45:1 was used, for the
adduction-abduction mechanism a planetary gearbox with gear ratio I = 100:1 was used,
and for the pronation-supination mechanism a planetary gearbox with gear ration I = 11:1
was used.

After the proposed torque-controlled strategy has been implemented, a series of
experimental runs are performed, and the values obtained are checked against the ones
obtained via virtual simulation.
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2.3. The Development of Torque Monitoring System

The need to monitor torque during the procedure came as a result of in-hospital tests
performed on patients [39–42], where the ASPIRE succeeded in performing the required
rehabilitation motion, but there were times when the operator had to manually stop the
robotic system because the patient arm was unable to achieve the desired amplitude due to
its spasticity.

Figure 8 presents the dynamic control loop of the rehabilitation system. The function-
ing of the system is based on Normal Run sequence. In Normal Run, motion parameters
(motion amplitudes, velocity, and number of repetitions) are given using the graphical user
interface. Using inverse kinematics, data required for reaching the imposed amplitudes
are transferred to the PLC which sends as inputs to the drivers the positions, velocities,
accelerations, and a torque limit for the imposed motion (P.V.A.T). The drivers send the
data to the motors and in exchange they read the state parameters of each motor (P.V.A.T.)
and transmit the data to the PLC which provides dynamic feedback to the user. If there are
differences between the data imposed via the Normal Run mode and those provided by
the dynamic feedback, the system enters another state named Correction Run.

Figure 8. Dynamic control loop (P.V.A.T. = Positions, Velocities, Accelerations, Torque).

The correction run is activated when torque monitor system identifies some irregulari-
ties in torque variation created by external factors. In this case the system signals the event
and requires the physiotherapist interventions in fixing the problem.

When correction run is activated, the robotic system identified a disturbing external
factor that affects the rehabilitation procedure. Different scenarios are required for this
correction run based on the external factor type and the observation of the physiotherapist.
After analyzing the risk factors from above, three scenarios have been developed (Figure 8):

� The first scenario (Red scenario) implies spasm seizures or other critical situations
that may endanger the patient. In this case the operator must press the emergency
button and the patient is detached from the rehabilitation robot and primary care is
administrated. The procedure may be resumed when the patient is in stable condition.
This scenario is represented with red arrows and red blocks in Figure 9, and the output
of this scenario is the end of the rehabilitation procedure due to unplanned events.

� The second scenario (Yellow scenario) includes reaching a spasticity limit or striving
muscular pain. In this case, the system may return to the normal run after reversing
direction. The system may re-enter the correction run mode when/if the spasticity
limit is reached in the opposite direction. This scenario is represented with yellow
arrows and yellow blocks in Figure 9 and the output of this scenario is Normal Run,
the system that resumes the rehabilitation procedure until the next event.

� The third scenario (Green scenario) is related to some non-critical situations (the
patient rearranged his position, tremor, etc.). In this case the physiotherapist may
resume the normal run. This scenario is represented with green arrows and green
blocks in Figure 9, and the output of the scenario is also Normal Run, the system that
resumes the rehabilitation motion until the next event.
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Figure 9. Actions following correction run event.

After developing the torque-monitoring strategy, the hardware architecture of the
robotic system was reviewed, and the communication protocol was modified (old system
used Virtual Network Connection while the new torque-monitoring system was based on
Modbus protocol-required by the programming unit. In addition, the old interface was
implemented in the PLC with the obvious limitations regarding graphical quality and extra
functions (such as a database and exercise logging). The hardware configuration of the
system is presented in Figure 10.

 
Figure 10. Hardware configuration of the ASPIRE robot control system.

The components of the robotic system are divided into 3 levels. First level is the User
Level, and it contains the graphical user interface (GUI) running on a PC and containing
all the tools needed for inputting the rehabilitation parameters. The second level is the
Command-and-Control Level, and it contains the Industrial PLC of the robotic system and
the drivers required for controlling the motors of the robotic structure. The third level is
the Physical Level, and it contains the motors required to drive the mechanical structure,
the sensors needed for system initialization, and the mechanical structure of ASPIRE. The
connection between the User Level and the Command-and-Control Level is made using
Ethernet Cable and ModBus protocol, while the connection between the Command-and-
Control Level and the Physical Level is made using special connector compatible with the
drivers, motors, and sensors.

The entire process is coordinated using GUI that communicates with a PLC via
ModBUS protocol. The PLC controls two drivers and each driver communicates with two
servomotors and two proximity sensors. The communication between the drivers and
servomotors is bidirectional; the driver communicates the required position and, at the
same time, monitors the real-time position, velocity, acceleration, and torque recorded at the
motor spindle. The communication between the sensors and the drivers is unidirectional
from sensors to drivers. The sensors are used for system initialization. The process diagram
for initialization is given in Figure 11.
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Figure 11. Homing process flowchart.

After receiving the initialization command (Homing Button and blue arrows in
Figure 11) each driver starts the assigned motors in positive or negative direction un-
til the proximity sensors are triggered. When a sensor is triggered for the first time after
the robot start-up (orange arrow in Figure 11), after receiving the rising edge signal the
driver reverses the moving directions (also orange arrows) of the motor until the sensor is
triggered again (green arrow in Figure 11). After the second rising edge signal the motion of
the motor is stopped, and the axis is considered initialized (Axis is enabled). The operator
may use the robotic system only after all axes (1 ÷ 4) are enabled. If the initialization of all
axes is complete the system will signal the operator using a green LED placed in the GUI,
and if there is an error and the initialization could not be completed, the LED color will
turn red, and the error message is prompted for the user.

For implementing the torque monitoring system, Automation Studio [43] was used.
The programming environment allows easy assembly of instructions for controlling the
servo motors of the robotic structure using embedded functions tested in industrial en-
vironment, proving the stability of the control system. For easy integration of torque
monitoring, Mapp Motion is used, a tool provided by B&R [43] that allows easy access to
the parameters of the axes and at the same time enables the torque control for the motors.

2.4. Experimental Setup and Torque Control Validation

After the development of the torque-monitoring system, a series of in-lab tests were
performed to validate the improved control system after receiving ethical approval to
carry out the experiments. Ten healthy subjects were selected for the experiments from the
research center staff and the experimental setup was defined.

Figure 12 presents the ASPIRE robot placed in CESTER research center within Tech-
nical University of Cluj-Napoca for performing experimental tests. The robotic structure
is physically attached to the control unit and because the participants in the experiment
were healthy subjects and the main objective of the experiment was to validate the torque-
monitoring system, a regular chair was used (during the previous tests performed in the
hospital the patients were carried to the rehabilitation system using a wheelchair).
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Figure 12. ASPIRE experimental model.

Besides the robotic system, a sensor system was used (Biometrics [44]). The sensor sys-
tem uses a series of goniometers to simultaneously measure the angles in up to two planes
of movement. During the experimental tests two goniometers were used. One was placed
under the armpit of the subject to measure angles in two directions (flexion/extensions
and adduction/abduction of the shoulder) and the other one was placed on the forearm
of the subject to measure the rotation of the wrist with respect to the forearm (prona-
tion/supination of the forearm). The decision to place the goniometers in this position
came after a series of tests that revealed the optimal position to obtain most accurate reading
during the rehabilitation motion. An image regarding this aspect of the experimental test
is shown in Figure 13 along with a figure of the subject performing shoulder rehabilitation
using the ASPIRE system. The amplitudes recorded by the biomedical sensors were not
passed to the control system of the robot; the sensor system uses a separate graphical
interface to calibrate each goniometer, and, after the calibration, the time-based variation of
the amplitudes is graphically represented. The calibration of each goniometer is performed
before placing the sensors on the patient by placing both ends of the goniometers on the
same plane surface at the same time and pressing the interface “Calibrate” button. The
entire calibration procedure for each goniometer takes up to 15 s. Each goniometer can
read values between ±180 degrees with an accuracy of ±2 degrees measured over a range
of 90 degrees and a repeatability of ±1 degree measured over a range of 90 degrees. The
advantage of the system is given by the 12 h lasting battery and the wireless range up to
30 m. An example of the output of the sensor system for the pronation/supination motion
is presented in Figure 14. The graph shows the rotation amplitudes recorded during a
20-repetitions session using a 50 degrees amplitude for pronation and 50 degrees amplitude
for supination.
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Figure 13. Goniometer used for measuring the pronation supination (a) Torsiometer used for
measuring the pronation/supination of the forearm (b) Goniometer used for measuring adduc-
tion/abduction/flexion/extension for the shoulder; (c) the subject’s position during the in-lab
experimental tests.

 
Figure 14. Amplitudes recorded using Biometrics sensor system for a pronation/supination rehabilitation session.

Classical rehabilitation protocol, previously used for the tests performed in the hos-
pital, was also used for performing the in-lab experimental test. The subject was sitting
on the rehabilitation chair with the shoulder resting in the shoulder plate. The forearm
was attached to the forearm anchor device, and his palm was supported by the palm
support. Using the GUI of the robotic system, motion amplitudes were introduced for each
rehabilitation motion. While the robotic system was performing the motion, a background
thread was used to monitor the torque. During this stage of the experimental test, the
goniometers were used only for validating the motion amplitudes given within the user
interface. Each of 10 healthy subjects received the same treatment, meaning the same
motion amplitudes (maximum amplitudes), the same velocity during the rehabilitation,
and the same number of repetitions. In addition, each subject performed the rehabilitation
two times, the first time letting the robotic system perform the entire motion and the second
time trying to move against the rehabilitation motion to create excessive torque in the
system. The obtained results are furthermore analyzed in the following sections.

3. Results

After performing the experimental tests with the healthy subjects, a supplementary
dry run was made in order to establish the torques in the system when it is moving
without any patient performing the rehabilitation. Figure 15 graphically represents the
data recorded during the experimental test, which are then statistically analyzed. Median
values from all runs were extracted and graphically represented using MatLab [45]. The
first column of plots from Figure 15 represents the dry run test performed at the end of
the experimental tests. These results should be similar to the ones obtained during the
virtual simulation performed in the previous section of the paper and, as it can be seen,
there are inconsistent differences between the results of the virtual simulation and the
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ones obtained using the experimental model. Table 3 summarizes the comparison between
these data. The second column of plots represents the median values obtained during the
experimental test, when the subject was creating no extra forces in the system. The third
column represents the median values obtained when the subject of the experiment was
opposing the rehabilitation motion. As it can be observed, there are some differences in the
pronation/supination module. The maximum absolute value obtained is 1.10 Nm for the
dry run test, 1.62 Nm for normal run test, and 2.45 Nm for the resisting test. There are also
a series of differences in the flexion/extension module but it is not easy to identify them
on the graphical representation. The maximum value obtained during the dry run test
was 122 Nm, 131.39 Nm during the normal run, and 147.37 Nm during the resisting tests.
Regarding the adduction/abduction module the maximum obtained value is 9.20 Nm for
the dry run test, 10.47 Nm for the normal run, and 14.40 Nm for the resisting test.

Figure 15. Graphical representation of the experimental tests’ results.

Table 3. Torque analysis results.

Rehabilitation
Motion

Maxim Torque Recorded (Nm)

Virtual Sim. SD Dry run SD Normal run SD Resisting test SD

Pronation/Supination 1.91 0.6985 1.10 0.0759 1.62 0.0850 2.45 0.1227

Flexion/Extension 127.2 1.1354 122 1.2097 131.39 1.2378 147.37 1.3663

Adduction/Abduction 5.04 0.0495 9.20 0.0490 10.47 0.0463 14.40 0.0591

Percentual difference between different running modes (between max values)

Pronation/Supination −43% +47% +51%

Flexion/Extension −4% +7% +12%

Adduction/Abduction +82% +13% +37%

The values that resulted from the torque analysis are quite similar. There are some
differences between different running modes but torque variation between different func-
tioning modes is quite visible. The values obtained during the virtual simulation are just
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for checking the similarity of the constructive model with the experimental model. The
differences between these two simulations are given by the imperfect homogeneity of
the material, the manufacturing imperfections, the machining accuracy, the elasticity of
material, and other material properties, but overall the values are correlated. Regarding
the values obtained using the experimental model, a 47% torque difference was recorded
between the dry run and normal run and 51% between the dry run and resisting test in
the case of pronation -supination motion. For the flexion-extension motion the percentual
difference was 7% between dry run and normal run and 12% between normal run and
resisting test. Given the length of the moving element (almost 500 mm radius from origin)
the force arm is quite big, and any load can create supplementary torques for the motor.
For the adduction/abduction motion there was a 13% difference between the dry run and
normal run and 37% difference between the normal run and resisting test, the difference
also given by the geometry of the moving element, making it easy to increase the force arm
applied on the motor. The trigger for the correction run may be set by the operator either
to a given torque or to a certain percentual overpass.

In previous clinical trials feedback coming from the physiotherapists has helped the
authors in optimizing the robotic system in terms of mechanical structure (aesthetics and
functionality) and of control of the robotic system. All the optimizations in the end have
the great target to increase the safety of the patient and the acceptance of the robotic system
by the patient and by the personal operating the robotic system. As a result, the robotic
system must comply with a series of requests to fulfill the needs of the clinician and to
increase the trust of the patient (and physiotherapist) in the rehabilitation system. By
unifying the control system of the robot with the biomedical sensor system (after proofing
the feasibility of the sensors system also with the help of the physiotherapists), a complete
system can be obtained to help the physiotherapist (the system allows user data registration
and with the help of the goniometers the baseline assessment may be performed easily; the
manual evaluation of the patient is time consuming, while using biomedical sensors can be
performed in a few minutes). Using a user database to store all data for a specific user, a
personalized rehabilitation procedure may be provided for each patient by evaluating the
evolution or regression of the patient through user database reports delivered at the end of
each rehabilitation session.

4. Discussion

After analyzing the results obtained at the end of the experimental tests, the torque-
monitoring system was validated. The system performed accordingly, and no events
were reported during the experimental runs. The system was able to record the torques
during the entire rehabilitation procedure and a special section was implemented in the
user interface to show torque variation during the rehabilitation using a code of colors
(green for normal run and yellow for when the torque is not normal, but it is in allowable
limits, and red for when the torque in the system exceeds a certain imposed value). The
allowable torque for each patient is established by the physiotherapist after the first general
evaluation of the patient using a series of dynamometers to test the spasticity of the patient
and the ability to perform a certain motion.

Using the Biometrics sensors, the rehabilitation system may be also used as an evalua-
tion device. The robotic system is able to perform “blind” rehabilitation. Using this feature,
after the general health assessment of the patient by the physiotherapist, ASPIRE may be
used to measure the spasticity level of the patient. The goniometers are placed on the pa-
tient body in the previously identified areas (Section 2.4). After calibrating the sensors, the
patient is placed in the rehabilitation system and prepared for the rehabilitation procedure.
In the user interface maximum amplitudes for rehabilitation motion are introduced and
the torque monitor system is started. The speed of the rehabilitation motion is set to lowest,
and the number of repetitions is set to 1. After the robotic system starts to perform the
rehabilitation motion, the sensor system records the real-time amplitude of the motion
performed, and the torque is monitored within the allowable limits. If the system succeeds
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in performing the entire motion without triggering the torque monitor, then the patient has
no spasticity, but if the torque monitor is triggered then the spasticity degree of the patient
is computed using the value given by the sensor measuring system. This value can be used
as a starting point for the future rehabilitation sessions and after each session this value
can be tested to see if there are some improvements.

Torque monitor can be a useful tool to test some of the effects of some neurological
diseases. For example, if after rehabilitation, graphical results show regular variation that
can be interpreted as noise, further analysis may reveal that the noise is caused by the
patient’s tremor.

Based on the success of the experimental tests, and on the feedback received during
the experimental tests from both the subject and from the robotic system, the functionality
of the improved control system was validated. The system is able to accurately monitor
the torques from the system using only the encoder of the servomotors without using any
additional sensors for torque monitoring. The obtained values were checked against the
values that resulted from the virtual simulation of the system and the differences were
within an allowable range, the differences caused by the structure of the material, density,
and even the manufacturing of some components.

Future work targets the implementation of interactive user interface using human–
robot interaction modalities in order to prepare the robotic system for another session of
clinical trials for the fall of 2021.

5. Conclusions

Torque monitoring system was successfully implemented in the control of the ASPIRE
robotic system. The development of the system started from the requests identified during
the clinical trials performed in the fall of 2019 in Cluj-Napoca. A series of effects that may
influence the effectiveness of the rehabilitation were presented and torque control proved
to be a solution in identifying and overcoming some of these effects. After the development
of the torque control system the performance was tested using healthy subjects chosen
among the staff of the research center. The results have validated the functionality of
the proposed improved control system and pushed the development of the experimental
model towards the next level of maturity, preparing it for further clinical trials. At the same
time the torque-based control adds to patient safety and the possibility to improve the HRI
characteristics of the robotic system with high levels of safety and user-friendliness.
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Abstract: The concept of “Industry 4.0” relies heavily on the utilization of collaborative robotic
applications. As a result, the need for an effective, natural, and ergonomic interface arises, as more
workers will be required to work with robots. Designing and implementing natural forms of human–
robot interaction (HRI) is key to ensuring efficient and productive collaboration between humans and
robots. This paper presents a gestural framework for controlling a collaborative robotic manipulator
using pointing gestures. The core principle lies in the ability of the user to send the robot’s end
effector to the location towards, which he points to by his hand. The main idea is derived from
the concept of so-called “linear HRI”. The framework utilizes a collaborative robotic arm UR5e and
the state-of-the-art human body tracking sensor Leap Motion. The user is not required to wear any
equipment. The paper describes the overview of the framework’s core method and provides the
necessary mathematical background. An experimental evaluation of the method is provided, and the
main influencing factors are identified. A unique robotic collaborative workspace called Complex
Collaborative HRI Workplace (COCOHRIP) was designed around the gestural framework to evaluate
the method and provide the basis for the future development of HRI applications.

Keywords: HRI (human–robot interaction); Leap Motion; UR5; hand gesture recognition; pointing
gestures; collaborative robotics

1. Introduction

Collaborative robotic applications are, nowadays, well-established and commonly
used concepts of technology. The main goal of such applications is to combine the strengths
of both humans and robotic systems to achieve maximum effectiveness in completing a
specified task while minimizing the risks imposed on the human worker. In the man-
ufacturing process, these applications are crucial in enabling the concept referred to as
“Industry 4.0”. Industry 4.0 focuses on developing so-called cyber-physical systems or
CPS for short, aiming to create highly flexible production systems capable of fast and easy
changes, addressing the need for individualized mass production of the current markets [1].

Collaborative applications are becoming increasingly popular on the factory floors
due to their various benefits, such as lower deployment costs, compact sizes, and easier
repurposing, than standard robotic systems [2]. As a result, more factory workers will be
required to work in close contact with robotic systems. This, however, introduces new
arduous challenges to overcome, primarily how to secure the safety of a human worker,
while ensuring high work effectiveness. The former problem focuses mainly on minimizing
potential risks and avoiding accidents from collaborative work between the human worker
and a robot, not considering the work efficiency. The latter aims to find the methods
capable of maximizing the overall productivity of such collaboration. Albeit the safety
of the human worker is an absolute priority, also being the most currently researched
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topic [3], the economic benchmarks are vital in determining further deployment of these
applications. Thus, it is necessary to pay more attention to the interaction between the
human and robotic systems, also referred to as HRI, researching the impact and influence
of the whole human–robot relationship, developing new approaches capable of meeting
today’s production demands.

In today’s conventional robotic application, usually involving robust industrial ma-
nipulators, the robot works in a cell that must be wholly separated from the workers’
environment by a physical barrier [4]. The human only comes in contact with the robot
during maintenance and programming, carried out by highly qualified personnel. All
of this is not only expensive, but also time-consuming. Alternatively, in collaborative
applications, factory workers may often get into contact with parts of the robot and are
even encouraged to influence the robot’s actions based on the current circumstances to
secure maximum work flexibility. This could pose a severe problem, where technically
unskilled workers may suffer great difficulties communicating with the robotic system
or conducting some form of control. A solution to this problem lies in developing such
HRI methods, which would enable natural and ergonomic human–robot communication
without the need for prior technical knowledge of the robotic systems. Hence, the workers
could solely focus on the task at hand and not waste time figuring out the details of the
application’s interface.

For humans, the most natural way of communication is through speech, body, or facial
gestures. Implementing these types of interfaces into collaborative applications could yield
many benefits, which lead to increased productivity and overall worker contentment [5].

This paper presents a gesture-based collaborative framework for controlling a robotic
manipulator with flexible potential deployment in the manufacturing process, academic
field, or even a commercial sector. The underlying basis of the proposed framework is based
on the previous work of Tölgyessy et al. [6], which introduced the concept of “linear HRI,”
initially designed for mobile robotic applications.This paper further develops this concept,
widening its usability from mobile robotic applications to robotic arm manipulation while
utilizing a new state-of-the-art visual-based sensory system. The main goal of the proposed
framework is to provide systematic foundations for gesture-based robotic control, which
would support a wide variety of potential use-cases, could be applied universally regardless
of the specific software or robotic platform while providing a basis on which other more
complex applications could be built.

2. Related Work

Gestural HRI is a widely researched topic across the whole spectrum of robotics.
Allowing the robot to detect and recognize human movements and act accordingly is a
powerful ability enabling the robot and the human worker to combine their strengths
and achieve various challenging tasks. In mobile robotics, gestures can be used to direct
and influence the robot’s movement. Cho and Chung [7] used a mobile robotic platform,
Pioneer 3-DX, and a Kinect sensor to recognize a human body and follow the operator’s
movement. Tölgyessy et al. [6] proposed a method for controlling a mobile robotic plat-
form, iRobot Create, equipped with a Kinect sensor via pointing gestures. Chen et al. [8]
used a Leap Motion Controller to control the movement of the mobile robotic platform with
a robotic arm. Both the chassis and the robotic arm could be controlled via hand gestures.
Gesture-based control was also used in projects RECO [9] and TeMoto [10], which focused
on intuitive multimodal control of mobile robotic platforms. Besides mobile robotic plat-
forms, force-compliant robotic manipulators are ideal for implementing various forms of
gestural interaction, potentially deployable in multiple scenarios, such as object handling,
assembly, assistance, etc. A significant part of the research is focused on teleoperation, in
which the robot mirrors the human operator’s movements. Hernoux et al. [11] used a
Leap Motion sensor and a collaborative manipulator UR10 to reproduce the movement of
the operator’s hands. G. Du et al. [12] proposed a similar approach using Leap Motion
to control a dual-arm robot with both hands. They used the interval Kalman filter and
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improved particle filter methods to improve hand tracking. Kruse et al. [13] proposed a
gesture control dual-arm telerobotic system, in which the operator controlled the position
of an object held by the robotic system. Microsoft Kinect was used to track the human body.
Many other researchers used Microsoft Kinect or a Leap Motion controller to control the
robotic manipulator [14–20]. Tang and Webb [5] studied the feasibility of gesture control
to replace conventional means of direct control through teach-pendant. Zhang et al. [21]
proposed a gesture control for the delta architecture robot. Cipolla and Hollinghurst [22]
investigated a gestural interface for teleoperating a robotic manipulator based on pointing
gestures. Using stereo cameras, collineations, and an active contour model, they were
able to pinpoint a precise location in the 40 cm workspace of the robot at which the user
would point at with his finger. Object picking is another promising application area. A
human hand can pick different objects of various sizes and shapes. Therefore, several
works were conducted to mimic the human hand, to grasp objects [23–25]. An interesting
concept was proposed by Razjigaev et al. [26], the authors proposed a gestural control
for a concentric tube robot. The work focused on the potential use of such an interface in
noninvasive surgical procedures. A gestural interface may be a promising concept in the
control of UAV drones; some works [27,28] show potential for future development. Social
robotics is another vast research area where gestural interfaces could yield many benefits.
Natural interfaces could be especially advantageous in interaction with humanoid robots.
Yu et al. [29] proposed a gestural control of the NAO humanoid robot. Cheng et al. [30]
used this robot and a Kinect sensor to facilitate a gestural interaction between humans and
the humanoid robot.

In Table 1, there is a comparison of key works related to the interaction method de-
signed by us. The vast majority focus mainly on teleoperation of the robotic manipulator
used, while the user has visual feedback of the resulting robot motion. Only three ap-
proaches present some form of direct interaction of the operator with the manipulator’s
workspace and two of these allow the user to point and select objects present in the work-
space. The major novelty and contribution of our design is that the operator can select
objects on the planar surface; furthermore, she or he can point to any spot of the workspace
and subsequently navigate the end effector to the desired destination.

Table 1. Comparison of key related works.

Lit. Robotic System Sensor
Visual

Weareables
Tele- Workspace Pointing

Tracking Operation Interaction to Objects

[11] UR10 Leap Motion Yes - Yes - -
[17] UR10 simulation Leap Motion Yes - Yes - -
[16] EPSON SCARA LS3-401x Leap Motion Yes - Yes - -
[21] Custom Delta architecture Leap Motion Yes - Yes - -
[5] UR5 Leap Motion Yes - Yes - -

[12] GOOGOL GRB3016 Leap Motion Yes - Yes - -
[31] UR5 Leap Motion Yes - Yes - -
[20] ABB IRB120 Kinect V2 Yes - Yes - -
[32] Baxter MYO Armband - Yes Yes Yes -
[33] UR5 Microsoft HoloLens Yes Yes Yes Yes Yes
[19] Custom 7DOF robot Kinect V2 Yes - Yes - -
[18] UR5 Kinect V2 Yes - Yes - -
[13] Motoman SDA 10 Kinect V1 Yes - Yes - -
[22] Scorbot ER-7 Stereo CCD cameras Yes - Yes Yes Yes

3. Our Approach

In a conventional manufacturing process, a worker usually performs repetitive manual
and often unergonomic tasks. Workers do most of these tasks mainly using their hands,
such as assembly, machine tending, object handling, material processing, etc. Manual work,
however, has many limitations which consequently influence the whole process efficiency.
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Integrating a collaborative robotic solution could significantly improve efficiency while, at
the same time, it can alleviate a human worker’s physical and mental workload.

Our proposed concept for the gestural HRI framework for the collaborative robotic
arm aims to create such interaction, where the human worker could interact with the robot
as naturally and conveniently as possible. Secondly, besides ergonomics, the framework
focuses on flexibility, providing the user with functionality that could be used in numerous
application scenarios. Lastly, the framework lays basic foundations for further application
development, pushing the flexibility even further.

The fundamental principles of the proposed framework are based on the so-called
“linear HRI” concept introduced by Tölgyessy et al. [6], which formulates three simple
laws for HRI that state:

1. Every pair of two joints of a human sensed by a robot form a line.
2. Every line defined by the first law intersects with the robot’s environment in one or

two places.
3. Every intersection defined by the second law is a potential navigation target or a

potential object of reference for the robot.

The proposed framework was developed under the laws of linear HRI, where the
core functionality lies in the ability to send the end effector of the robotic arm to a specific
location on a horizontal/vertical plane using the operator’s hand pointing gestures.

Humans naturally use pointing gestures to direct someone’s attention to the precise
location of something in space. Combined with speech, it can be a powerful communication
tool. Pointing gestures have many great use-cases among people to signify the importance
of a particular object (“That’s the pen I was looking for” (pointing to the specific one)),
express intention (“I’m going there!” (pointing to the place)), or specify the exact location of
something (“Can you hand me that screwdriver please?” (pointing to the specific location in
space)). Pointing gestures are incredibly efficient when the traditional speech is insufficient
or impossible due to circumstances, such as loud and noisy environments.

Let us imagine a collaborative application scenario where the worker performs a delic-
ate assembly task that requires specific knowledge. A collaborative robot would fulfill the
role of an intelligent assistant/co-worker. The worker could point to the necessary tools and
parts out of his reach, which the robot would then bring to him; thus, he could specifically
focus on the task while keeping his workspace clutter-free. Due to the natural character of
the whole interaction, the worker could control the robot’s behavior conveniently without
any prior technical skills. Such application would be accessible and easy to use across the
entire worker spectrum, with various technical backgrounds. Our gestural framework aims
to enable the described interaction in real-world conditions using the principles of linear
HRI and state-of-the-art hardware. However, first, the following main challenges need to
be addressed:

• Choosing suitable technology and a method of detecting the position and orientation
of human joints.

• Calculating the exact position of the intersection between the formed line and the
environment surface.

• Selecting the pair of joints to form and calculate the line following the first two
principles of linear HRI.

Solving these challenges is crucial for ensuring efficient, reliable, and natural inter-
action. Additionally, we aimed to make the framework universal, not dependent on the
specific robotic platform. For that reason, we chose the Robot Operating System or ROS as
our software environment. ROS supports a wide variety of robotic platforms and is con-
sidered standard for programming robots in general. For the robot’s control and trajectory
planning, the ROS package MoveIt was used.

In summary, the primary objectives of our approach lie in natural interaction, ap-
plication flexibility, and scalability, while following the underlying concept of so-called
linear HRI.
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4. The Human Body Tracking and Joint Recognition

Precise recognition and localization of joints are vital in gestural interaction. Several
technologies and approaches exist, providing the user with tracking capabilities. According
to Zhou and Hu [34], human motion tracking technologies can be divided into non-visual,
visual, and robot-aided tracking.

In non-visual tracking, the human motion and joints are mapped via various sensors
placed onto the human body; typically, MEMS IMU or IMMU devices are used. These
sensors are usually a part of a suit or so-called “data glove”, which must be worn by the
user [35–39]. Although these systems are precise and relatively cheap, they suffer from
many shortcomings, such as the need for the user to wear the sensory suit, which may be
uncomfortable and often calibrated for the specific user. The sensors on the suit may require
extensive cabling, which can limit the user’s range of motion. The sensors themselves may
suffer from several issues, such as null bias error, scale factor error, noise, or interference.
Due to this, the general application focus shifted towards the use of visual-based human
body tracking.

This approach uses optical sensors, such as RGB, IR, or depth cameras to extract the
user’s spatial position. Complex image processing algorithms are then applied to pinpoint
the precise position and orientation of human joints. These sensors do not require any
equipment that the user needs to wear, thus not limiting him in any way. They can be easily
calibrated to the specific user, which greatly improves their flexibility. Today’s camera
technologies and image processing algorithms make them fast and accurate and relatively
cheap. These attributes made these sensors popular and widely used in various commercial
applications, mainly in HCI and video-gaming industry. However, visual-based sensors still
have multiple drawbacks, such as the sensitivity to the lighting conditions and worsened
tracking capabilities when the human body is occluded. The most widely recognizable
sensor for visual body tracking is the Microsoft Kinect, released in 2010, initially intended
for video gaming. However, due to its capabilities, the sensor became widely used in other
applications. The Kinect’s principle of body tracking relies on capturing the depth data
from the depth sensors and then applying their image processing methods to produce
a so-called “skeletal stream” representing the human figure. The first iteration of the
sensors used an IR projection pattern to acquire the depth data. The latter versions used
the so-called “time-of-flight” technology or TOF. According to Shotton et al. [40], body
part classification (BPC) and offset joint regression (OJR) algorithms, specially developed
for Microsoft Kinect, are used to determine the parts of the human body. Following the
success of Microsoft Kinect, other similar sensors were released, such as Intel RealSense or
ASUS Xtion.

Another widely popular vision-based motion tracking sensor is the Leap Motion
controller. This compact device was specially designed to track the human hands and
arms at very high precision and accuracy. Alongside gaming and VR applications, the
controller’s design was initially meant to replace conventional peripheral devices, such
as a mouse and keyboard, and provide a more sophisticated and natural HCI. The Leap
Motion controller uses two IR cameras, capturing emitted light from three LEDs with a
wavelength of 850 nm. The depth data are acquired by applying unique algorithms on the
raw data, consisting of infrared brightness values and the calibration data [41]. According
to the manufacturer, the accuracy of position estimation is around ±0.01 mm. However,
several studies show [42,43] that this is highly dependent on the conditions.

Sensor Choice for the Proposed Concept

Due to the advantages of vision-based body tracking, we decided to use this technology
in our concept. We believe that the proper HRI should not rely on “human-dependent
devices” as data gloves or body-mounted sensors, but on the perceptive ability of the robot
itself, as this, in our opinion, most accurately represents natural and ergonomic interaction.

As for the specific sensor, the Leap Motion controller was picked as the most suitable
option. The main reason is the sensor’s application focus. The core of the proposed concept
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centers around the hand gesture interaction between the robot and the human worker, as
most manufacturing tasks are done by hand. Furthermore, the whole gestural framework
is built on pointing gestures, performed by the arrangement of individual fingers. Leap
Motion provides accurate and precise human hand tracking, explicitly focusing on the
position and orientation of fingers. Other commercially available sensors on the market
are not yet capable of such precision and generally focus on tracking the whole human
body. The controller depicted in Figure 1 can track hands within a 3D interactive zone that
extends up to 60 cm (24′′) or more, extending from the device in a 140 × 120° typical field
of view, which is illustrated in Figure 2. The controller produces an output in the form of
gray-scale images captured by the IR cameras and the skeletal representation of the human
hand. The data are shown in Figure 3. Leap Motion’s software can differentiate between
27 distinct hand elements, such as bones and joints, and track them even when other hand
parts or objects obscure them. The positions of joints are represented in the controller’s
coordinate system depicted in Figure 4. The connection with the PC is facilitated via USB
2.0 or USB 3.0 connection. The manufacturer also provides a software development kit or
SDK for the Leap Motion controller, allowing the developers to create custom applications.

Figure 1. The Leap Motion controller (LMC).

Figure 2. Approximate workspace of the LMC.
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Figure 3. Visualization of detected hand joints.

Figure 4. Coordinate system of the LMC.

5. Method Design

The core functionality of the proposed framework follows specific consecutive steps.
The operator first performs a pointing gesture, pointing to the particular location in the
(planar) workspace of the robot. Then, the robot computes the specified location defined by
the planar surface and the half-line formed by the operator’s joints. When the operator is
satisfied with the pointed place, he performs a command gesture, triggering the signal to
move the robot’s end effector to the desired location. The whole process is illustrated in
Figure 5. The half-line is defined by the direction of the index finger, as it is the most com-
mon way to represent a pointing gesture. The following command gesture was specifically
designed to be performed naturally, fluently connecting with the previous gesture while
not significantly influencing the pointing precision. The command gesture is achieved
by extending the thumb, forming a so-called "pistol" gesture. Both gestures are depicted
in Figure 6. Custom ROS packages and nodes were created for gesture recognition and
intersection computation. The ROS-enabled machine connected to the robotic arm manages
these nodes, ensuring proper communication between the individual parts of the whole
application. The method’s architecture in ROS framework is depicted in Figure 7. The
flowchart of the method’s process is in Figure 8. The most prominent geometrical features
for the mathematical description of the concept are illustrated in Figure 9. The global
coordinate system G defines the planar ground surface π.
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Figure 5. Process of controlling the robot via pointing gestures. 1—The operator points to a location.
2—The operator performs “pistol” gesture. 3—The robot’s TCP moves to the appointed location.

(a) Pointing gesture (b) Pistol gesture

Figure 6. Two basic gestures used to interact with the system.

Figure 7. The package architecture of the method in ROS.

The Leap Motion sensor determines the position of the joints of the human hand in its
coordinate system L; furthermore, the robotic manipulator operates in its coordinate system
R. The unification of those coordinate systems is vital to obtain points A and B coordinates
defining the half-line p, which ultimately determines the coordinates of intersection I.
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All of the calculations are done in the global coordinate system G. Hence, the following
homogeneous transformations between R and G, L, and G are defined:⎛⎜⎜⎝

XG
YG
ZG
1

⎞⎟⎟⎠ =

⎛⎜⎜⎝
1 0 0 dx
0 cos α − sin α dy
0 sin α cos α dz
0 0 0 1

⎞⎟⎟⎠.

⎛⎜⎜⎝
XL
YL
ZL
1

⎞⎟⎟⎠
⎛⎜⎜⎝

XG
YG
ZG
1

⎞⎟⎟⎠ =

⎛⎜⎜⎝
0 cos α − sin α dx
0 sin α cos α dy
0 0 1 0
0 0 0 1

⎞⎟⎟⎠.

⎛⎜⎜⎝
XR
YR
ZR
1

⎞⎟⎟⎠
(1)

Analytical geometry and vector algebra are used to calculate the desired coordinates.
The data acquired from the Leap Motion sensor are transformed based on Equation (1).
The points and vectors used in the calculation are illustrated in Figure 10.

Figure 8. State machine flowchart of the method.
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Figure 9. The abstract overview of the method.

Figure 10. Extraction of fundamental geometrical features.

First, the direction of the vector �v defined by points A and B needs to be found. Vector
�v is calculated by subtracting coordinates of point A from point B (positions of index
finger joints).

�v = B − A (2)

The direction of vector �v is calculated by dividing the coordinates of vector �v with
its magnitude.

v̂ =
�v

||�v|| (3)
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Now, it is possible to define the half-line p by parametric equations.

x = x0 + v̂1 × t

y = y0 + v̂2 × t

z = z0 + v̂3 × t

(4)

where t is the parameter of p. The plane π is defined by the x and y axes with an arbitrary
normal vector�n. Equation (5) can mathematically describe plane π.

z = 0 (5)

By substituting Equation (5) into Equation (4), the parameter t can be calculated
as follows.

t = − z0

v̂3
(6)

Now, using substitution, the X and Ycoordinates of the intersection I(X, Y) can be
calculated by the following equations.

IX = AX + v̂1 × (− z0

v̂3
)

IY = AY + v̂2 × (− z0

v̂3
)

(7)

Respectively, it is possible to calculate the intersection on the plane ω perpendicular
to π mathematically defined by the Equation (7).

y = d, (8)

where d is the distance of the plane on y axis. The scenario is illustrated in Figure 11.

Figure 11. Abstraction of pointing to the perpendicular plane.

6. Method Implementation

The main application focus of the proposed concept is to create a natural HRI work-
place where humans and robots can work together efficiently. For this reason, a specialized
robotic workplace was built around the core concept’s functionality, supporting the er-
gonomy of the whole interaction between human and the robot, trying to maximize the
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efficiency and convenience for the worker. Furthermore, it also acts as a modular foundation
for implementing, testing, and evaluating other HRI concepts.

The whole workplace, called COCOHRIP, an abbreviation for Complex Collaborative
HRI WorkPlace, is depicted in Figure 12. The COCOHRIP consists of three main parts, the
sensors, the visual feedback, and the robotic manipulator. The sensory part contains the
various sensors that gather data about the human worker and the environment. The visual
feedback part consists of two LED monitors, providing the user with visual feedback from
the sensor. The robotic part comprises the force-compliant robotic manipulator. All these
parts are connected through the ROS machine, which manages all the communication and
logic of the application. Transformation matrices between coordinate systems were:

TLG =

⎛⎜⎜⎝
1 0 0 670
0 cos(0.707) − sin(0.707) 15
0 sin(0.707) cos(0.707) 11
0 0 0 1

⎞⎟⎟⎠

TRG =

⎛⎜⎜⎝
0 cos(3.14) − sin(3.14) 1050
0 sin(3.14) cos(3.14) 693.3
0 0 1 103
0 0 0 1

⎞⎟⎟⎠
(9)

Figure 12. The COCOHRIP workplace.
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7. Experimental Evaluation

In this section, we present two experimental scenarios to evaluate the basic concept
principles, which quantify the overall usability of the concept and serve as a baseline for
further development. The scenarios of each of the two experiments are derived from the
proposed gesture pointing method, in which the operator points to a specific location on
the workspace plane and performs a command gesture, sending the robot to the desired
location. Each of the experiment scenarios has two variants. In the first scenario, the
operator points to the designated horizontally placed markers; in the second scenario,
the operator points at vertically placed markers. In the first variant, the operator has no
visual feedback about where she or he is pointing. His task is to rely solely on his best
guess. In the second variant, the user receives visual feedback from the interactive monitors
showing him the exact place he is pointing. The illustration of the experimental setup
and the precise positions of the markers in the global coordinate system is depicted in
Figures 13 and 14. The position values are in millimeters. The process of obtaining one
measurement is as follows:

1. The operator’s hand is calibrated for optimal gesture recognition.
2. The operator points to the first point, and when he is satisfied with his estimation, he

performs a command gesture.
3. When the operator performs a command gesture, the spatial data are logged, and the

robot’s TCP moves to the pointed location.
4. The operator repeats these previous two steps, iterating through each target point in

order, as illustrated in Figures 13 and 14.

In total, the operator points ten times to each of the target markers for the current
experiment. During the pointing, the only requirement on the user is to keep the hand
approximately 200–250 mm above the Leap Motion sensor, as this is believed to be the
optimal distance according to [42] and the empirical data acquired during the method pre-
testing. The user is encouraged to perform the pointing gestures as naturally as possible,
allowing him to position his body and arm as he sees fit. Seven male participants of
different height, physical constitution, and height executed the experiment scenarios.

Figure 13. Scenario of experiment no. 1.
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Figure 14. Scenario of experiment no. 2.

8. Results

The measured coordinates for each target marker relative to the desired position
are depicted in Figures 15 and 16. The blue markers represent the first variant, where
the user had no visual feedback. The red markers represent the second variant of each
experiment. The euclidean distance between each measured point and the desired position
was computed to quantify the precision of pointing for each experiment. Figures 17 and 18
show the boxplots of the euclidean distance data for each experiment scenario. The mean
deviation in position and the overall deviation are shown in Tables 2 and 3.

Additionally, the dispersion of measured points in each axis was calculated to evaluate
the repeat-ability of pointing. The results are shown in Tables 4 and 5. All the data are
represented in millimeters.

Figure 15. The acquired position data for experiment no. 1.
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Figure 16. The acquired position data for experiment no. 2.

Figure 17. Boxplots of euclidean distance data for experiment no. 1.

Figure 18. Boxplots of euclidean distance data for experiment no. 2.
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Table 2. The mean of euclidean distances between the desired position and measured data for each
horizontally placed target marker.

Target Marker No. 1st. Variant (mm) 2nd. Variant (mm)

1 33.42 12.16
2 54.18 14.81
3 70.71 18.68
4 50.88 12.60
5 63.99 17.64
6 51.45 12.54

overall 54.11 14.74

Table 3. The mean of euclidean distances between the desired position and measured data for each
vertically placed target marker.

Target Marker No. 1st. Variant (mm) 2nd. Variant (mm)

1 49.77 21.17
2 40.56 15.62
3 47.25 20.21

overall 45.86 19.0

Table 4. The dispersion of measured points for each target in the first experimental scenario.

1st. Variant (mm) 2nd. Variant (mm)
x Axis y Axis x Axis y Axis

1 22.42 35.32 4.94 14.07
2 50.14 36.93 13.28 8.35
3 26.92 65.54 11.24 17.64
4 20.08 44.55 4.91 13.99
5 44.31 52.0 15.46 22.34
6 38.71 43.99 9.06 22.82

overall 33.77 46.39 9.81 16.53

Table 5. The dispersion of measured points for each target in the second experiment scenario.

1st. (mm) 2nd. Variant (mm)
x Axis y Axis x Axis y Axis

1 46.10 37.44 14.47 20.79
2 27.74 40.20 5.61 17.93
3 32.88 43.96 12.66 19.40

overall 35.57 40.53 10.91 19.37

9. Discussion

The data show that the error of pointing to the specific location, relying solely on the
user’s estimation, is approximately 50 mm. The user’s consistency of pointing is around
30–50 mm, depending on the user’s distance to the target. The results also show significant
improvement in both accuracy and consistency when visual feedback is provided. These
results outline the potential application use regarding the possible size of manipulated
objects as mentioned previously in a real-life scenario. They also highlight the importance of
some feedback that should be implemented to potential real use-case applications. However,
the data are not yet sufficient to derive general conclusions. Further, more thorough analysis
is needed. During the experiments, several factors were identified that could significantly
influence the accuracy of pointing. The first factor is the posture and position of the human
body and the distortion caused by the user’s point of view. The second factor is the tracking
capabilities and precision of the LMC sensor. During experiments, numerous glitches of
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LMC controller were reported. The LMC occasionally misinterpreted the position of joints
and fingers, which led to inaccuracies in the measurements. Another factor influencing
the results is the joints selected to represent the half-line intersecting with the working
plane. The last identified factor is the influence of the command pistol gesture on pointing
accuracy, as extending the thumb may change the intended pointing location. Further
evaluation of the method, considering all of the mentioned factors, must be done in the
future to determine the full potential of the proposed gestural framework. In all, we believe
that the experiments and the data served their purpose. The main factors influencing
the accuracy were identified, and the obtained data can be used as the base for further
experiments and evaluation of the method.

10. Conclusions

In this work, we proposed and successfully implemented a framework for gestural HRI
using pointing gestures. The core concept of the method was based on the previous work
by Tölgyessy et al. [6], particularly on the idea of linear HRI. In the work, they proposed a
similar concept of controlling a mobile robotic platform via pointing gestures. This article
further improves the work by extending the overall potential of this innovative concept
from mobile platforms to other fields of robotics. Additionally, it promotes the universal
nature of linear HRI as the concept uses a different sensory system and a different type
of robotic system. The work contains a general overview as well as the mathematical
background for the core method. A concept of the collaborative robotic workplace, also
known as COCOHRIP, was built around the proposed framework. Practical experiments
in a laboratory environment were carried out to prove the described method. The obtained
data provided the basis for further development of the whole gestural framework.

The main contribution of this work is a novel approach to the control of the collaborat-
ive robotic arm using pointing gestures. In the majority of the cited work, the researchers
focus on teleoperation of the robotic arm either through movement mirroring or by binding
the control of the robot to a specific gesture. The operator is not directly interacting with
the (shared) workspace. The robot is controlled directly by the user, and its movements
are entirely subordinate to the operator’s movements. In our approach, the operator in-
teracts with the robot through the shared workspace, thus not teleoperating the robot
directly. The robot is in the role of an assistant rather than a subordinate. Consequently,
this dynamic could facilitate more effective collaboration between humans and the robotic
systems. Cippolla and Hollinghurst [22] presented a gesture-based interface method that
is most comparable to our approach. They similarly use pointing gestures to direct the
robot’s movement. In their work, hand tracking is achieved using stereo monochromatic
CCD cameras. However, their method suffers shortcomings such as the need for high
contrast background and specific light conditions. Additionally, the method’s workspace
is much smaller compared to our method. Our proposed concept has far more robust
gesture recognition and tracking performance, additionally being able to recognize mul-
tiple gestures. Other cited works in which the user interacts with a workspace require
some sort of wearable equipment. We believe the future of HRI lies in the utilization of
multiple interconnected visual-based sensors with the ultimate purpose to rid humans of
any additional restrictive equipment, allowing them to interact with robots as naturally
and ergonomically as possible, without the need for superior technical skills. Furthermore,
the core mathematical method in the proposed framework is universally applicable, not
relying on the specific hardware or software.

The practical utilization of the proposed framework was outlined in the form of a
collaborative robotic assistant that could potentially be used in the manufacturing process,
academic field, or research and development. This paper further develops this concept,
widening its usability from mobile robotic applications to robotic arm manipulation while
utilizing a new state-of-the-art visual-based sensory system. Our framework, along with the
built COCOHRIP workplace, could serve as a basis for more complex applications, such as
naturally controlled object picking and manipulation, robot-assisted assembly, or material
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processing. Our future research will focus on improving the system’s accuracy based on the
identified factors, and designing and implementing more complex algorithms and methods
to further increase the usability and flexibility of the proposed gestural framework.
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Abstract: This article presents the concept of a robotic system for aliquoting of biomaterial, consisting
of a serial manipulator in combination with a parallel Delta-like robot. The paper describes a
mathematical formulation for approximating the geometric constraints of the parallel robot as a
set of solutions to a system of nonlinear inequalities. The analysis of the workspace is carried out,
taking into account singularity zones, using a method based on the analysis of the Jacobian matrix
of the mechanism and the interference of links. An optimal design procedure is proposed for the
dimensional synthesis based on a criterion for maximizing the volume of the workspace, taking into
account the ambiguity of the solution of the inverse kinematics. Simulation results are reported and
discussed to propose a suitable design solution.

Keywords: parallel robot; workspace; non-uniform covering; optimization; singularity zones; link in-
terference

1. Introduction

Over the past two decades, the number of biomedical research studies, including the
study of the foundations of the pathogenesis of infectious pathology, carried out all over the
world, has increased [1]. The level of such research is largely determined by the availability
of a certified collection of biological material. This applies equally to the development
of countermeasures in the face of the threat to the global community associated with the
COVID-19 [2] pandemic. The need to reduce the number of production processes with the
use of manual labor is also significant for preventing contamination of equipment and work
surfaces by infectious agents and, consequently, minimizing the risk of personnel infection.
The more steps that can be performed with high reproducibility, the lower the level of
random error there will be in the final data. As robotic hardware and computer control
systems have advanced and the price has reduced, more steps in the sample preparation
process have become amenable to automation and more end users are able to justify the
capital investment relative to the anticipated labor savings [3].

The term aliquot comes from the word “aliquot”, which means the exact measured
fraction of the sample taken for analysis, which retains the properties of the main sample.
Thus, the aliquot process involves dividing the whole sample of biomaterial into subfrac-
tions. The main developers of robotic equipment for aliquoting biological samples are
Dornier-LTF (Germany) [4], TECAN (Switzerland) [5], and Hamilton [6]. The laboratory
equipment they produce is as follows: robotic digging station PIRO manufactured by
Dornier-LTF (Germany), robotic laboratory station (Freedom EVO® series) manufactured
by TECAN, and automatic dispensing system (robot dispenser) Microlab STAR manufac-
tured by Hamilton. They are designed to perform the same type of technological processes
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and include the main elements: a robotic module with dosing multichannel pipettes and
removable tips; a robotic module with a gripper for transferring racks; and auxiliary devices
(pumps, barcode readers, thermoshakers, UV emitters, detectors of the position of objects
of the working surface, etc.), the number of which depends on the purpose of using the
robotic station. These automated stations have a typical architecture and successfully solve
the problems of aliquoting biomaterial using tubes of various sizes. For liquid dispensing,
intelligent systems are used that record the moments when the pipette touches the liquid
surface, the absence of liquid in the test tube, or the presence of colloidal clots that impede
pipetting.

However, their significant disadvantage is the inability to aliquot serum from test
tubes with different liquid phases. For the operation of the equipment, only samples that
have undergone primary manual processing in the form of separating serum from a blood
clot can be used.

At the same time, it is important to design a robot, taking into account the optimization
of its parameters in order to achieve the best combination of design parameters. Optimal
design of robotic systems is an actual and important topic [7–12].

2. Building a Model of a Robotic System

The work [13] shows the effectiveness of automated aliquoting compared to manual
labor. Research in the field of application of robotic systems for liquid dosing and au-
tomation of laboratory processes for sample preparation is carried out by many scientists.
Active research is being conducted at the Institute of Automation and Center for Life
Science Automation, University of Rostock (Rostock, Germany). In works [14,15], the use
of a cognitive two-handed robot, working in conjunction with an operator and remotely
controlled, is proposed. Pipetting of liquid is carried out with an automatic hand-type
pipette, widely used in laboratory practice. Each robot arm has 7 degrees of freedom and
can perform any manipulations within the workspace. The disadvantage of this solution is
the low speed of the end-effector and the low accuracy of its positioning. So, in [16], an
integrated system based on robots is considered for automating a multistage system of
laboratory research, including the movement of equipment and biomaterial samples. The
possibility of integrating devices controlled through electronic interfaces such as RS232,
USB, Firewire, or Ethernet into a common network is shown, which allows centralized
control of the technological process.

The article discusses a new architecture and design of a robotic system, which must
meet the following requirements to ensure the technological process of aliquoting:

1. The volumes of the tubes used: from 2 mL to 9 mL, the height of which is 75 and
100 mm, respectively (Figure 1).

2. The volumes of the pipettes used are from 10 μL to 5000 μL, the height of which is
from 32 mm to 150 mm.

3. A rack for loading tubes with fractionated whole blood samples should hold 12 or
more tubes with a volume of 9 mL.

4. The height of the manipulator workspace must be bigger than the sum of the maxi-
mum volume tube height (100 mm), maximum pipette height (150 mm), and the safe
distance between the tube and the pipette. The safe distance is 100 mm. Thus, the
height of the manipulator workspace should be 350 mm.

5. Initially, the liquid is divided into fractions. The movement of tubes with samples of
whole blood, divided into fractions, should be carried out evenly and progressively in
the horizontal direction, limited by the velocity of the mechanism and in the vertical
direction—no more than 0.03 m/s, without sudden movements (to prevent the risk of
breaking the integrity of the clot blood).

6. The robotic system must meet the requirements for the safety of human-robot interac-
tion. So, all movements of the robot should be stopped when human limbs enter the
workspace to avoid injury.
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Figure 1. Round bottom blood tubes.

The flow chart of the aliquoting process is shown in Figure 2.

 

Figure 2. Aliquoting process.

Figure 3 shows a 3D model of a robotic system, which includes a parallel DeLi ma-
nipulator with 4 degrees of freedom, made based on the Delta mechanism and equipped
with an excavating head for performing basic operations for aliquoting biomaterial, and a
collaborative robot (Uni) with a serial structure for performing transportation operations,
racks with test tubes and plates, and microtubes. Uni robot is used for the stage when liquid
is divided into fractions. The DeLi robot should take only one upper fraction from a test
tube and distribute it into smaller tubes, while not allowing the lower fraction (sediment)
to enter. After taking the desired fraction, the DeLi robot can move at any speed available
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to this type of robot. The amount of the withdrawn fraction is determined using the devel-
oped technical vision system, which is not described in this work. The DeLi manipulator
dispenses only one fraction of blood; therefore, the velocity for the DeLi manipulator is
not limited. The Delta parallel robot topology has been chosen due to the fact that it has
a better performance in terms of dynamics and accuracy as compared with serial robots.
Furthermore, Delta architectures are better suited for moving along curvilinear trajectories
that may arise in the proposed specific application due to different heights of test tubes
and racks. This is justified by the features of the robot structure, which has low inertia and
increased characteristics of speeds and accelerations, which are important when moving
along circular trajectories, including those involving reverse movement of drives. This
makes the Delta architecture better suited also in comparison with portal architecture.

 

Figure 3. Three-dimensional model of the robotic system: 1—body, 2—DeLi manipulator, 3—
dispensing head, 4—dispenser tip, 5—robot manipulator, 6—base of the robot manipulator, 7—
workspace, 8—rack with test tubes, 9—tray for consumables, 10—trolley.

It is necessary to determine the boundaries of its workspace to select the geometric and
design parameters of the robotic system. Determination of the workspace of parallel robots
is much more complex than for serial robots, due to the peculiarities of structure, kinematics,
and dynamics. There are various methods for determining the workspace of translational
robots. A multiobjective optimum design procedure to 3 degrees of freedom (DOF) parallel
robots with regards to three optimality criteria: workspace boundary, transmission quality
index, and stiffness, is presented in article [17]. A kinematic optimization was performed to
maximize the workspace of the parallel robot. Genetic algorithms were applied to optimize
the objective function. Article [18] discusses the kinematic and geometric aspects of the
3-DOF translational orthoglide robot. New solutions are proposed to solve the inverse
and forward kinematics and conduct a detailed analysis of the workspace and features,
taking into account specific joint limit constraints. In [19], such methods of optimizing
the workspace as the genetic algorithm and the maximum surrounding workspace are
considered. In [20], the cylindrical algebraic decomposition is mentioned, which is used to
calculate the robot’s workspace in the projection space (x, y, z), taking into account some
joint constraints. In [21], an approach to calculating the workspace of a parallel robot Delta
is proposed based on the forward kinematics model. In paper [22], the proposed method
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is implemented for a spatial 3-DOF parallel robot, known as the Tripteron. The mechani-
cal interference, including interference of links, interference of links with obstacles, and
interference of the end-effector with obstacles, are investigated by using new geometrical
reasoning. For this purpose, a new geometric method is proposed which is based on the
segment to segment intersection test. This method can be well extended to a wide range
of robotic mechanical systems, including, among others, parallel robots. This method is
also applied in [23] for the Delta robot. However, the method considered in this article has
disadvantages; in particular, the authors propose to determine the interference of segments
on the auxiliary plane and not the distance between the nearest points. This makes it
impossible to identify such interference of the links, in which there is no interference of
the axes. The workspace for a 3-PUU Delta mechanism with translational drive joints is
considered in the article [24]. The analysis of the achievable workspace can be performed
using the inverse kinematics method; the workspace is expressed with three-dimensional
dot clouds of points. The article [25] presents a workspace, a shared space, and features of
a family of Delta-like parallel robots using algebraic tools. In articles [26,27], attention is
paid to the analysis of the influence of singularity zones and interference of links. However,
the articles did not consider the various configurations of the Delta robot or the influence
of singularity zones on the amount of workspace.

Although manipulators of the Delta type are well studied, the development of new
methods for analyzing the workspace that are more efficient in terms of increasing the
accuracy of approximation and versatility of their application for various versions of their
architecture is an important task. The task of determining the workspace can be solved
with a given accuracy using interval analysis methods [28–30]. One of the disadvantages
of deterministic interval analysis methods is a large number of elements in the covering
set. Nevertheless, the article’s authors proposed an approach to the transformation of the
covering set, which was considered earlier in [31]. It is used to transform the covering set
before rendering the stage. The interval analysis method is applied to approximate the
set of solutions to a system of nonlinear inequalities that determine the constraints on the
parameters of the DeLi robot links (Figure 4). The manipulator has 4 degrees of freedom
and includes three RUU kinematic chains. In each of the chains, a rotary drive joint Ai is
used to connect to the base, and there are two universal joints—Ci to connect to the working
platform and Bi to connect two links together. The base and work platform are equilateral
triangles. As an end-effector, we will consider point P—the center of the working platform.

We write the boundaries of the workspace in the form of a system of inequalities:{
θi − θmax ≤ 0
θmin − θi ≤ 0

(1)

where θi are the angles of rotation in the drive joints, and θmin and θmax are the minimum and
maximum angles, respectively. Based on the solution of the inverse kinematics described
in [32], we obtain

θi = 2 tan−1

⎛⎝−Fi ±
√

E2
i + F2

i + G2
i

Gi − Ei

⎞⎠ (2)

where Ei, Fi, and Gi are defined as:

E1 = 2d
(

yP +
a − 2c
2
√

3

)
, F1 = 2zPd, (3)

G1 = x2
P + y2

P + z2
P +

(
a − 2c
2
√

3

)2
+ d2 + 2yP

(
a − 2c
2
√

3

)
− e2 (4)

E2 = −d
(√

3
(

xP +
2c − a

4

)
+ yP +

2c − a
4
√

3

)
, F2 = 2zPd, (5)

223



Appl. Sci. 2022, 12, 2070
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where a is the side length of a regular triangle of the base, c is the side length of a regular
triangle of the movable platform, d is the distance between A and B joints, e is the distance
between B and C joints, and xP, yP, zP are the coordinates of point P.

 

Figure 4. The structure of the DeLi manipulator.

There is an ambiguity in the solution of the inverse kinematics, when for the same
coordinates of the point P there are two possible angles of rotation in the drive rotary
joint for each of the three kinematic chains. An example of two possible positions of the
kinematic chain AiBiCi is shown in Figure 5. The first position corresponds to [−] in
Equation (2), the second position corresponds to [+].

Thus, there are eight possible solutions to the inverse kinematics, and, therefore, for
each of them, a workspace can be determined. In this case, one should take into account the
presence of singularity zones of the mechanism when hit, in which the dynamic loads on
the links increase significantly, and the robot loses controllability. We consider the method
proposed in [33,34], based on the analysis of the Jacobi matrix, to determine the singularity
zones. The determinant of the Jacobi matrix has the form:

det(JA) =

⎡⎢⎢⎣
∂Θ1
∂xP

∂Θ1
∂yP

∂Θ1
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∂Θ2
∂xP

∂Θ2
∂yP

∂Θ2
∂zP
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⎤⎥⎥⎦, (9)

where Θi are determined by Equation (2).
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Figure 5. The ambiguity of the solution of the inverse kinematics.

In view of the cumbersomeness of the formulas obtained for each of the elements of
the determinant, we present only the first of them:
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We write down the condition for the presence of singularity zones:

det(JA) = 0 (11)

Each of the eight solutions of the inverse kinematics also corresponds to eight possible
Jacobi matrices and, accordingly, their determinants. It is necessary to ensure the constant
sign of the determinant of the Jacobi matrix to exclude singularity zones from the workspace
of the robot. To ensure this condition, it is necessary to add one of the conditions to
inequality system (1): det(JA) < 0 or det(JA) > 0, depending on the sign of the determinant.
So, singularity surfaces separate the workspace into non-overlapping volumes. It is then
necessary for the robot to remain within the same volume as it moves, in order to avoid
crossing a singularity.

3. Synthesis of an Algorithm for Determining the Workspace

Taking into account Equations (1)–(5), an algorithm for approximating the workspace
of the DeLi robot is synthesized. The workspace analysis method is a direct application of
interval analysis methods, as described in Refs. [28–31].

The algorithm works with a system of inequalities written in a general form:⎧⎪⎪⎨⎪⎪⎩
g1(x) ≤ 0,

. . .
gm(x) ≤ 0

ai ≤ xi ≤ bi, i = 1, . . . , n.

(12)

The initial box Q, which includes the entire set of solutions X, is determined by the
constraints of the intervals ai ≤ xi ≤ bi, i = 1, . . . , n. Consider an arbitrary box B. Let m

225



Appl. Sci. 2022, 12, 2070

m(B) = max
i=1,...,m

min
x∈B

gi(x) and M(B) = max
i=1,...,m

max
x∈B

gi(x). If m(B) > 0, then B contains no

possible points for system (12). The proposed algorithm excludes such boxes. If M (B) ≤ 0,
then each point of the box is a possible solution. Therefore, it can be added to the coverage
as an inner box. If a box cannot be excluded, it is divided into two smaller boxes if its
diameter is not less than the specified precision δ. (Figure 6). The check is iteratively
repeated for boxes formed after division until their size becomes less than precision δ.

 

Figure 6. Division of the original box Q: Q
2 —into 2 parts, Q

4 —into 4 parts, Q
8 —into 8 parts.

The algorithm for determining the workspace, taking into account singularity zones,
is similar and differs in a large number of inequalities in the system, as well as additional
conditions when checking m (B) and M (B), taking into account the strict inequality for the
determinant of the Jacobian matrix.

Equation (11) is used instead of the system of inequalities in the algorithm for deter-
mining the singularity zones. To find the set of its solutions, we calculate M (B), which
is calculated as M(B) = min

i∈1,k
max
x∈B

gj(x), the condition for adding is that there is no inner

coverage, and the condition for excluding boxes will take the form:

M(B) < 0 V m(B) > 0 (13)

We use synthesized algorithms for numerical simulation. A program was written in
the C++ programming language to implement the developed algorithms.

4. Simulation Results of Workspace Taking into Account Singularity Zones

The results of modeling the workspace were obtained for the following parameters of
the DeLi manipulator: a = 450 mm, c = 200 mm, d = 150 mm, e = 230 mm. The visualization
of the results of modeling the workspace is carried out by converting the covering set de-
scribing the workspace into a universal format of 3D models—an STL file. The constructed
workspace without taking into account singularity zones is shown in Figure 7. Figure 7a
shows the workspace in full, 7b—in section by the XOZ plane. In order to increase the
performance, the processor multithreading is applied using the OpenMP package. The
computation time for the approximation accuracy δ = 2 mm and the grid dimension for
performing computations of the 32 × 32 × 32 functions was 67 s for each inverse kinematics
case.
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(a) (b) 

Figure 7. (a) Volumetric workspace, (b) in section in the XOZ plane.

The results of modeling the workspace taking into account singularity zones are shown
in Figure 8. Figure 8a shows the regions corresponding to the singularity zones when using
the “+” sign in inverse kinematics (2), Figure 8b—when using the “−” sign, Figure 8c—
with all eight possible combinations of the “+” and “−” signs in the inverse kinematics,
Figure 8d—for all combinations within the workspace. The average computation time for
an approximation accuracy δ = 2 mm and a grid dimension of 64 × 64 × 64 on a personal
computer was 32 s.

  
(a) (b) 

  
(c) (d) 

Figure 8. Areas corresponding to singularity zones: (a) for “+” in inverse kinematics, (b) for “−”,
(c) for all possible combinations, (d) inside the workspace.

The simulation results show the following conclusions. The inner part of the workspace
has a positive sign of the determinant of the Jacobi matrix if two or three kinematic chains
have a “−” sign in the inverse kinematics. The negative sign of the determinant is obtained
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in the opposite cases, that is, if the “+” sign is selected for at least two chains. With this
in mind, when determining the workspace, taking into account singularity zones for four
possible solutions, we add the condition of the positive determinant, i.e., det (JA) > 0, and
for the other four, the condition of negativity, i.e., det (JA) < 0.

Table 1 shows the simulation results for these cases.

Table 1. Volumes of workspaces taking into account singularity zones.

Configuration
No.

Sign in Inverse
Kinematics

Sign of the Jacobi
Determinant

Volume of the Workspace,
×104 mm3

Volume
Reduction in%

θ1 θ2 θ3

With
Singularity

Zones

Without
Singularity

Zones

1 − − − − 5140 4822 6.18

2 − − + − 5034 4285 14.88

3 − + − − 5034 4285 14.88

4 − + + + 4931 4705 4.58

5 + − − − 5034 4285 14.88

6 + − + + 4931 4705 4.58

7 + + − + 4931 4705 4.58

8 + + + + 4831 4449 7.91

As can be seen from the table, out of eight options for the inverse kinematics, four
groups of solutions can be distinguished: 1—all kinematic chains with “+”, 2—all with
“−”, 3—one chain with “+” and two with “−”, and also 4—two with “+” and one with
“−”. The first two groups correspond to one option, the second two to three options each.
Considering the symmetry of the robot structure, the volume of the resulting workspace is
practically the same for all variants of the group. This is confirmed by the calculated values
of the volume of the workspace. The table also shows that options 2, 3, and 5, as well as 4,
6, and 7 correspond to the same volume of the workspace. Figure 9 shows the workspaces
corresponding to each of the groups.

In Figure 10, it can be seen that taking into account the singularity zones led to a
decrease in the size of the workspace by 4.58–14.88%, depending on the combination of
possible solutions to the inverse kinematics. In addition to singularity zones, the shape and
volume of the workspace are directly influenced by the interferences of the robot links with
the platforms and with each other.
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(a) (b) 

  
(c) (d) 

Figure 9. Workspaces, taking into account singularity zones: (a)—for option 1, (b)—for 2, 3, and 5,
(c)—for 4, 6, and 7, (d)—for 8.

 

Figure 10. A kinematic scheme with highlight of joint rotation angles for a limb of the proposed
mechanism.
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5. Determination of the Interference of the Links of the Mechanism

The interferences of the links of the mechanism can be divided into three groups:

- Interference at small angles between links connected by joints.
- The interference of links with platforms.
- The interference of links that are not connected to each other.

The first group can be determined, taking into account the restrictions on the angles of
rotation in the joints Bi and Ci (Figure 10):⎧⎪⎨⎪⎩

αi ∈ [αmin; αmax]
βi ∈ [βmin; βmax]

γ
(j)
i ∈ [γmin; γmax]

⎫⎪⎬⎪⎭ (14)

The angles can be determined using the formula for the cosines between vectors:

αi =
(xAi − xBi)(xCi − xBi) + (yAi − yBi)(yCi − yBi) + (zAi − zBi)(zCi − zBi)

de
(15)

βi =

√
3((xBi − xCi)(xP − xCi) + (yBi − yCi)(yP − yCi) + (zBi − zCi)(zP − zCi))

ce
(16)

γ
(Bi1)
i =

(xCi1 − xBi1)(xBi2 − xBi1) + (yCi1 − yBi1)(yBi2 − yBi1) + (zCi1 − zBi1)(zBi2 − zBi1)

he
(17)

γ
(Bi2)
i = γ

(Ci1)
i = −γ

(Ci2)
i = −γ

(Bi1)
i (18)

where xA1 = zA1 = zA2 = zA3 = xB1 = 0, xA2 = a
4 , xA3 = − a

4 , yA1 = − a
2
√

3
, yA2 = yA3 =

− a
4
√

3
, yB1 = yA1 − d cos(θ1), zBi = −d sin(θi), xB2 = xA2 +

√
3d cos(θ2)

2 , yB2 = yA2 +
d cos(θ2)

2 ,

xB3 = xA3 −
√

3d cos(θ3)
2 , yB3 = yA3 +

d cos(θ3)
2 , zCi = zP, xC1 = xP, yC1 = yP − c√

3
, xC2 =

xP + c
2 , yC2 = yC3 = yP + c

2
√

3
, xC3 = xP − c

2 , xB31 = yB31, zB31 = zB32 = zB3.
The second group of interference includes possible interference of links with platforms

A1, A2, A3 and C1, C2, C3. In this case, the interference with the platform C1, C2, C3 is
excluded by condition (14). The interference of links Ai, Bi and Bi1, Bi2 with platform
A1, A2, A3 is also excluded by condition (1). Let us add the conditions for the appearance
of the remaining interference, namely links Bi1, Ci1 and Bi2, Ci2 with platform A1, A2, A3
(Figure 11). The first condition for the occurrence of interference is:

zBi ≥ 0 (19)

If condition (19) is satisfied for the joint Bi, then we calculate the coordinate points of
the points Di1 and Di2, lying on the segments Bi1, Ci1 and Bi2, Ci2, respectively, which can
be the interference points of the segments with the platform A1, A2, A3:

zDi1 = zDi2 = 0 (20)

xDi1 = xBi1 +
−zBi1(xCi1 − xBi1)

zCi1 − zBi1
, yDi1 = yBi1 +

−zBi1(yCi1 − yBi1)

zCi1 − zBi1
(21)

xDi2 = xBi2 +
−zBi2(xCi2 − xBi2)

zCi2 − zBi2
, yDi2 = yBi2 +

−zBi2(yCi2 − yBi2)

zCi2 − zBi2
(22)
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Figure 11. Interference of links with a fixed platform of the mechanism.

The platform is an equilateral triangle with points A1, A2, A3 being the midpoints of
the sides. The coordinates of the vertices A′

1, A′
2, A′

3 are defined as:

zA′
1
= zA′

2
= zA′

3
= xA′

3
= 0, xA′

1
= − a

2
, xA′

2
=

a
2

, yA′
1
= yA′

2
= − a

2
√

3
, (23)

yA′
3
=

a√
3

(24)

As a result, it is required to check in the two-dimensional plane XOY whether the
points Di1 and Di2 belong to the triangle A′

1 A′
2 A′

3. If at least one of the points is included
in the triangle, then there is interference with the platform.

We define the third group of interference using an approach based on determining
the minimum distance between the segments drawn between the centers of the joints of
each of the links. In [22,23], a similar condition is used, but the approach has drawbacks.
In particular, the authors propose to determine the interference of the segments on the
auxiliary plane, and not the distance between the nearest points. This does not allow
identifying such an interference of links in which there is no interference of the axes.

The approach proposed in the current work is as follows. We construct an auxiliary
plane to determine the interference of the links of the mechanism. This plane is parallel to
the axis of one of the links and to which the axis of the other link belongs. In this case, the
condition for the absence of interference of the links will take the form:√

u2
1 + u2

2 > rlink1 + rlink2, (25)

where u1 is the distance between the axis of a link that does not belong to the plane and the
auxiliary plane, u2 is the distance between the nearest points of the segments connecting
the centers of the joints of each of the links when projecting a segment that does not belong
to the auxiliary plane onto this plane, and rlink1, rlink2 are the radiuses of the links.

It is worth noting the special case when the links are parallel to each other and the
construction of an auxiliary plane is not required.

The algorithm for determining the interference of links is as follows:

• Determine the coordinates of the centers of the joints of each of the links.
• Draw segments 1 and 2 between the centers of the joints at each of the links, respec-

tively.
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• If the line segments are parallel to each other, then go to step 5. Otherwise, go to step
9.

• Rotate the line segments relative to the vertex of one of the line segments so that they
become parallel to the OX axis.

• Determine the distance u1 between the straight lines passing through the segments.
• Let us project the line segments onto the OX axis.
• Determine the distance u2 between the nearest points of the line segments.
• If condition (25) is satisfied, then there is no interference. Completion of the algorithm.
• Construct an auxiliary plane in which segment 1 will lie, and to which segment 2 will

be parallel.
• Determine the distance u1 between line segment 2 and the construction plane.
• Project line segment 2 onto a construction plane.
• Determine the distance u2 between the nearest points of segment 1 and the projection

of segment 2.
• If condition (25) is satisfied, then there is no interference. Completion of the algorithm.

A more detailed approach to the definition of the third group of interference is pre-
sented in [35].

The proposed approach can be similarly applied to determine the interference between
the links of the Uni and DeLi robots. In this case, it is possible to discretely separate the
trajectories of the robots in the process of collaborative work of two robots. Then, it is
required to determine the positions of the joints for each of the positions of the robots.
Using the coordinates of the joints, one must check the intersection of all combinations of
links using condition (25) and the above algorithm.

6. Analysis of the Workspace Taking into Account the Interference of the Links

The coverage obtained at the stage of defining the workspace is used to determine the
positions of the end-effector inside the workspace, in which the interference of the links
occurs. The coverage is divided into many boxes of equal size less than the approximation
accuracy.

For the coordinate of the center of each of the boxes, conditions (14) and (25) are
checked. If all the conditions are met, it is entered into a new set. The resulting set will
contain boxes that correspond to the workspace without interference.

Workspace for configuration 1 according to Table 1 after excluding interference areas,
as well as interference areas for a = 450 mm, c = 200 mm, d = 150 mm, e = 230 mm, αmin =
βmin = γmin = 10◦, αmax = βmax = γmax = 350◦, Dlink = 10 mm are shown in Figure 12. Table 2
shows the change in the volume of the workspace, taking into account the interference,
without interference of links, as well as volume reduction for various configurations by
taking into account the interference.

Table 2. Volumes of workspaces taking into account link interference.

Configuration No.
Volume of the Workspace, ×104 mm3

Volume
Reduction in%With Interference

Areas
Without Interference

Area

1 4822 2457 49.05
2 4285 1741 59.37
3 4285 1741 59.37
4 4705 1183 74.86
5 4285 1741 59.37
6 4705 1182 74.86
7 4705 1182 74.86
8 4449 806 81.88
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(a) (b) 

 
 

(c) (d) 

Figure 12. Workspace of the mechanism after excluding the areas of interference: (a) for configuration
1, (b) 2,3,5, (c) 4,6,7, (d) 8.

As can be seen from Table 2, with an increase in the number of kinematic chains,
which corresponds to “+” in the inverse kinematics, the greater the percentage of the
workspace that is excluded due to interference. This is due to the fact that in this case the
kinematic chains are “bent” inward. As a result, the volume of the workspace for the first
configuration is 3.05 times greater than the volume for the eighth configuration.

Visualization of the positions of the links at which they intersect occurs to verify the
results of determining the interference. Figure 13 shows some of the link crossings that
occur.

Figure 12 shows that the main inner part of the work area is round. Simulations were
also performed for other link sizes (Table 3). The simulation results are shown in Figure 14.
As can be seen from the figures, the workspace for various sizes has a round shape.

Table 3. Volumes of workspaces taking into account link interference.

No. a c d e

1 600 50 1200 1200
2 200 300 400 800
3 700 300 700 700
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(a) (b) 

 
(c) 

Figure 13. Examples of identified link interference: (a) links B31C31 and B32C32 with a fixed platform
and link A3B3 with link B32C32, (b) links B31C31 and B32C32 with a fixed platform, (c) link A2B2 with
link B22C22.

   
(a) (b) (c) 

Figure 14. Workspace of the mechanism after excluding the areas of interference: (a) for configuration
1, (b) 2, (c) 3.

7. Geometric Parameters Optimization

Next, we will optimize the geometric parameters of the mechanism. The volume of
the workspace, taking into account singularity zones and the interference of links, is an
optimization criterion. Determination of the optimal sizes of links a, c, d, and e was carried
out in several stages. At each stage, the volume of the workspace was calculated taking
into account the interference of the links for various combinations of sizes. The ranges of
resizing and the iteration step are reduced with each stage to reduce the computational
complexity.

Numerical values are given in Table 4. The last column contains the volume of the
workspace, which is a criterion for excluding or including in the next stage a certain part
of the size range. Constant dimensions for modeling: h = 100 mm, Dlink = 30 mm. The
sum of the dimensions a, c, d, and e was taken to be constant and equal to 1850 mm. The
amount was selected in accordance with the dimensions of the industrial robot ABB IRB 360:
a ≈ 600 mm, c ≈ 100 mm, d ≈ 350 mm, e ≈ 100 mm. It should be noted that at the first
stage, the computations were carried out for all configurations; however, the condition for
the required volume of the workspace was fulfilled only for configurations 1 and 2/3/5.
At the second stage, the volume condition was met only for the first configuration. In this
regard, modeling was carried out only for the first configuration starting from the third
stage.
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Table 4. Stages of determining the optimal link lengths.

Stage amin amax cmin cmax dmin dmax emin emax Step
Required

Volume, m3

1 50 1700 50 1700 50 1700 50 1700 100 1.5
2 50 320 50 320 200 800 750 1320 30 2.4
3 51 139 81 169 346 634 1020 1316 8 2708
4 60 72 82 94 469 520 1173 1227 3 27,105
5 61 65 83 87 512 519 1183 1190 1 -

The maximum workspace is reached at a = 61 mm, c = 86 mm, d = 513 mm, and
e = 1190 mm. For such a ratio of dimensions, the total volume of the workspace, taking into
account singularity zones, is 4.597 m3, of which 2.714 m3 is an area without interference
of links. Thus, assuming the conditional size of the side of the base a = 1, the ratios of the
sizes c, d, and e were 1.41, 8.41, and 19.51, respectively.

The dependence of the volume of the workspace for various configurations on the
change in the parameters d for a = 61 mm and c = 86 mm, e = (1850 − a − c − d) is shown
in Figure 15. The numerical values of the workspace volume for the plot are obtained by
iterative execution of the developed program for various parameters.

 

Figure 15. Dependence of the volume of the workspace on the change in the length of the links d
and e.

Figure 16 shows the dependence of the proportion of areas in which interference
occurs in the total volume of the workspace depending on the parameters d and e. The
graphs show that for the first configuration, the fraction of interference decreases with
increasing size d. For the rest of the configurations, the percentage of interference for almost
all sizes d is more than 90%.

Let us perform the second stage of optimization. It takes into account the requirements
of the aliquoting process. The required workspace height hc is based on the requirements
of tube and pipette sizes (350 mm). We can conclude that the manipulator workspace is
round based on the previous analysis. Based on this, an optimization problem can be posed,
which maximizes the radius rc of a cylinder of a given height hc, which can be inscribed
into the manipulator’s workspace. In this case, the sum of the dimensions a, c, d, and e of
the manipulator should also be minimized. Therefore, the general criterion k can be written
as:

k =
a + c + d + e

rc
(26)
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Figure 16. Dependence of the ratio of areas of interference to the workspace on the length of the links.

The optimization was performed in several stages, similar to the optimization per-
formed above to maximize the workspace. Initial data for optimization: a ∈ [30; 1500], c ∈
[30; 1500], d ∈ [30; 1500], e ∈ [30; 1500], hc = 350 mm. As a result, the optimal value of the
criterion k = 1.778 was obtained for the following dimensions: a = 61 mm, c = 87 mm,
d = 478 mm, e = 1485 mm, rc = 1187, 29 mm. The simulation of the workspace was
performed for the obtained dimensions. Figure 17 shows that the workspace completely
includes the cylinder with the calculated radius.

Figure 17. Workspace for optimal parameters.

An additional simulation was performed to compare the results of the two optimiza-
tions. The volume of the workspace and the maximum cylinder diameter were calculated
for both optimal results. The parameters obtained during the first optimization were
changed while maintaining the ratio 1:1.41:8.41:19.51. The change is necessary due to the
incorrectness of comparing results that have a different sum of parameters. The sum of the
parameters for the second optimization was 2111 mm. Therefore, the dimensions of the
first optimization were changed so that their sum was 2111 mm. The obtained initial data
and simulation results are shown in Table 5.
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Table 5. Stages of determining the optimal link lengths.

Optimization
No.

a c d e Sum Volume, m3 Cylinder
Radius

1 69.606 98.133 585.375 1357.886 2111 4.024 1085.91
2 61 87 478 1485 2111 4.005 1187.29

As can be seen from the table, the workspace volume was larger as expected for
the parameters obtained as a result of the first optimization and the maximum radius of
the inscribed cylinder for the second optimization. However, it should be noted that the
workspace volume in the first case turned out to be only 0.47% larger, while the radius for
the second case was larger by 9.34%. Therefore, in this case, the radius of the inscribed
cylinder is the main criterion for the problem of aliquoting. So, we can conclude that
second optimization results should be currently accepted as the final results. However, a
formal optimization algorithm will be planned in the future for a further optimization of
the obtained results.

The aliquoting process assumes that Uni and DeLi should have a common part of
workspaces. The Uni kinematic scheme is shown in Figure 18.

Figure 18. The kinematic scheme of Uni robot.

Workspace of Uni is calculated using D-H parameters and transformation matri-
ces, where D-H parameters are equal to a2 = 240 mm, a3 = 210 mm, d1 = 150 mm,
d4 = 110 mm, d5 = 85 mm, and d6 = 81 mm. The end-effector positions were calculated in
discrete steps using the forward kinematics. The calculated positions were entered into the
workspace array. The resulting array was exported to the STL model. Likewise, a program
was written in the C++ programming language to implement the developed algorithm.
The Uni workspace is shown in Figure 19.
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Figure 19. The calculated Uni workspace.

Taking into account the calculated workspace of the Uni robot, we perform a simula-
tion of a robotic system. The workspace models of robots were exported to the CAD system.
The relative position of the robots was determined taking into account their workspaces
and the requirements for the absence of intersections of links of mechanisms. Simulation
of collaborative work of robots is shown in Figure 20. The execution of operations should
be consistent: the Uni manipulator delivers a rack with test tubes to the joint workspace;
then the DeLi manipulator performs the aliquoting process. The simulation confirmed the
absence of intersections during collaborative work.

  
(a) (b) 

Figure 20. CAD model of RS movement with the movement of robots: (a) Uni moves the rack into
the joint workspace, (b) DeLi interacts with the rack within a joint workspace.

Figure 21 shows the intersection of the DeLi and Uni workspaces. The intersection area
is sufficient to accommodate a rack with 96 test tubes. Based on this, it can be concluded
that the workspace of the DeLi robot and the relative position of the robots meet the
requirements of the aliquoting process. The above conditions are met if the robot Uni is
fixed relative to the coordinate system DeLi at a point with coordinates (0, 830, −897).
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Figure 21. The intersection of the workspaces of a Uni and DeLi robot.

8. Conclusions

This article discusses a new robotic system design for aliquoting of biomaterial based
on a Delta-type parallel robot with revolute kinematic joints. For the proposed robotic
system, effective numerical methods and algorithms for determining the workspace, taking
into account singularity zones and interference of links, have been developed and tested.
An optimal design procedure has been carried out and robot design solution has been
selected that achieves the maximum workspace for a given footprint size. For the selected
design solution, the optimal ratio of the lengths of links a, c, d, and e relative to the link
length a has been determined as being 1:1.41:8.41:19.51, respectively. The parameters were
optimized taking into account the requirements of the aliquoting process. As a result,
the optimal value of the criterion k = 1.778 was obtained for the following dimensions:
a = 61 mm, c = 87 mm, d = 478 mm, e = 1485 mm, and rc = 1187, 29 mm.
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