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Abstract

Parallel manipulators are being used extensively to cater to the needs of a multitude of
industrial automation applications. Due to its kinematic accuracy and structural stiffness,
parallel manipulators have proven considerable advantage over their serial counterparts. In
modern operations, humans train, collaborate and interact with the manipulators in order
to maximize the productivity and the quality of the final product. The critical factor in this
human-robot interaction is safety and the ability of the mechanism to comply with human
intentions. It thus becomes a necessity for the manipulator to detect external disturbances
and interactions, and be able to react accordingly. In this research, a methodology for sensor-
less full body active compliance is proposed on a 6-DOF RSS (Rotary-Spherical-Spherical)
parallel manipulator. By using the proposed approach, the manipulator can detect and com-
ply with the external forces on any part of its body without using any explicit force/torque
sensor at the joint or the end-effector. This is done by utilizing the estimated joint torque
based actuator current feedback only. A three-layer cascaded impedance controller for active
compliance and reaction to various human interactions are reported. The proposed design
and unique methodology for compliance exhibits an effective and inexpensive yet reliable
alternative to be used in safe human-robot interactions and force controlled manufacturing
applications.

Keywords: Parallel manipulator, sensorless active compliance, impedance control

1. Introduction

A Parallel Manipulator (PM) is a closed loop mechanism whose end-effector is connected
with the base through several independent kinematic chains [1]. PMs have structural stiffness
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and provide a higher load carrying capacity. In a PM, the error in the end effector position
due to backlash in the actuators do not add up as the number of actuators is increased leading
to better kinematic accuracy compared to serial manipulators. Due to the compact design of
PM they can be mounted on a serial arm to extend their applications. Hybrid serial-parallel
manipulators have been developed to combine the advantages of serial as well as parallel
manipulators and are used in industries as well as in academia [2, 3]. These advantages make
parallel manipulators an ideal choice for industrial and research applications. The DELTA +
1 DOF wrist robot [4] is being used extensively for manufacturing and assembling operations
and 6 DOF parallel manipulators have been considered for milling operations as well as high
speed machining tasks [5, 6].

These systems also find their application in the collaborative and domestic environment
and operate along with humans thereby making their environment unstructured and dy-
namic. The innate nature of position controlled manipulators is to achieve a given task
precisely without expecting a collision or interventions from human counterparts. Such
position control strategies may be inadequate in the dynamic scenario because of their in-
ability to accommodate errors and human uncertainties. Since safety is of prime importance
in human-robot interaction applications, a different approach has to be taken in the human
environment to overcome the shortcomings of position-controlled strategies. Due to this
reason, there has been an increase in the research of compliant mechanisms [7], which facil-
itate these manipulators to handle human uncertainties and make them inherently safe for
collaborative operations. Force controlled strategies deal with the interactive forces and can
detect an external disturbance during operation. Such strategies can be used where the ex-
pected interactive forces are known and some flexibility in the process is a must, one of such
operations is an insertion task with low tolerances [8]. Force controlled manipulators are
also able to exhibit compliance and are able to collaborate with humans in an unstructured
environment.

There are two types of compliance: i) passive compliance and ii) active compliance. The
ability to conform to an external disturbance by the virtue of the flexibility of external springs
or deformable links without using additional feedback is called passive compliance whereas
the ability to sense external forces and react in a desirable manner is active compliance.
Passive compliant mechanisms are less complicated and are widely used where the torque
requirements are within the limits of human capabilities [9, 10]. On the other hand, active
compliance has been proven better for a sophisticated task and heavy-duty operations [11,
12]. Force feedback is required to achieve active compliance and to comply with variable
stiffness. In most cases of active compliance, force/torque sensors are mounted at the end-
effector, joints or base of the manipulator to carry out force-controlled tasks as well as
to comply to the external forces [18]. The usage of sensors makes the detection accurate
however, increases the overall cost of operation. Furthermore, joint torque sensors reduces
the stiffness of the joints thereby limiting the payload capability of the manipulator and also
limit the environments in which the manipulator can operate. To avoid the limitations of
detecting external force through sensors, researchers have proposed and validated sensorless
collision detection strategies in serial manipulators [13, 14, 15, 16]. This method has been
widely accepted, and many industries now implement such serial manipulators for assembly
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and inspection tasks.

Compliant PMs can be used in operations where a large force is to be monitored such
as surface finishing tasks, co-operative manipulation, assembly operations and human-robot
interactions. These manipulators can also be used for tele-operations as they can provide
applied force feedback data. Conventional manufacturing machines can be improvised with
the force controlled parallel manipulators that are capable of multi-axis manufacturing. The
advantages of a 6-DOF manipulator in additive manufacturing have been a focus of research
[19] and with the presented research, the same versatility can be extended to traditional
subtractive manufacturing. These manipulators can also be used where the environment is
not known precisely, and it is desired for the manipulator to have some degree of compliance.
Force controlled assembly tasks are necessary where the task definition continuously changes
and force feedback has to be used to perform the task satisfactorily [20]. The advantages
of using 6-DOF parallel manipulators in exoskeletons and physical human interactions have
been discussed in the recent years where active compliance is highly desirable [2, 3, 21].

Contribution: Passive compliance in PM has been reported several times in past research
[10, 22, 23], but the area of sensorless active compliance in PM is very sparsely reported [17].
In this research, we aim to address this and present a full body active compliant 6-DOF
PM as shown in Fig. 1. The paper presents a novel method of detection and compliance
to an external force applied at any point on the moving part of the PM without using any
external force/torque sensors. Along with this, modified impedance control is presented for
compliant motion control, as well as precise trajectory tracking. An analytical solution of
the inverse dynamic model of 6 RUS PM using explicit loop closure functions is presented,
which proved to be efficient and computationally less expensive.

Organisation: The paper first discusses the geometrical and mechanical aspects of the
manipulator and then presents the compliance strategy for the same. In Section 2, we present
the design considerations and the configuration for the chosen PM to build a reliable, com-
pliant system. This section discusses the manipulator architecture and its kinematic and
dynamic modeling. It also discusses the advantages of the use of explicit loop closure func-
tions and choice of the cut joints for dynamic analysis. Section 3 explains the external force
detection methodology and impedance control scheme for compliance. This section details
the different scenarios considered for a compliant manipulator and its uses in industrial as
well as academic applications. Section 4 highlights the experimental set up for the compli-
ant control implementation as well as presents the results and discusses the efficiency of the
proposed framework.

2. Manipulator architecture and modeling

Various configurations and actuator options were considered while developing the nec-
essary hardware for a compliant 6-DOF PM. Numerous results and findings have been
reported earlier on the design of 6-DOF PM. Researchers have used linear actuators in
6 UPS (Universal-Prismatic-Spherical) [24, 25] configuration and have implemented a de-
sign using rotary actuators in 6 RUS (Rotary-Universal-Spherical) [26] and 6 RSS (Rotary-
Spherical-Spherical) [27, 28] configuration. We present the advantages of the configuration
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Top platform
(End-effector)

Spherical Joint 2

Link 2

Rotary Actuators
(Dynamixel MX-64T)

Link 1
Spherical Joint 1

Base Platform

Figure 1: The hardware setup of the proposed 6-DOF 6-RSS parallel manipulator

and actuators chosen to build the presented PM.

2.1. Design considerations: Actuation and configuration of the manipulator

Mechanisms developed by using rotary actuators have certain advantages over the mech-
anisms that use linear actuators. Use of rotary actuators, results in a lightweight design,
facilitating the PM to be mounted on other devices as a force/torque sensor. The rotary
actuators provide more flexibility regarding configuration, as links can be redesigned to pro-
duce different configurations with different kinematic and dynamic characteristics, whereas
the mechanisms with linear actuators are mostly limited by their stroke length. Also, with
the actuators at the base, a mechanism with lower mass-inertia can be developed which is
suitable for the high-speed application.

The paper discusses sensorless collision detection and compliance, and thus force feedback
was an important consideration while choosing the actuator. The proposed manipulator uses
Dynamixel MX-64T motors from Robotis as shown in Fig. 1. The motor provides 6 Nm
stall torque and provides accurate proprioceptive (position and velocity) control through the
Dynamixel embedded controller. The embedded controller provided real-time load, voltage
and current feedback which was used for estimating torques at each actuated joint.

2.1.1. Design configurations of 6-RSS type manipulator

There are mainly 3 types of design configurations reported for a 6-DOF PM with rotary
actuators viz. the Hunt configuration [27], Zamanov configuration [28] and the Hexa parallel
type [26]. The configurations are differentiated on the grounds of the placement of the rotary
actuators which ultimately affects their kinematic as well as the dynamic characteristics. As
discussed in [29], the hexa parallel configuration has the largest workspace but poor global
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<«—— Top platform

Spherical Joint

Base Platform

Link 2
Universal Joint
2 Link 1
)__>.Y Revolute Joint
X

(a) Schematic of the Parallel 6-RSS manipulator

- END EFFECTOR |
B B B B B B
1 S1 1 S2 1S3 IS4 1S5 I S6
3P +S Ul U2 U3 U4 Us U6
R1 R2 R3 R4 R5 R6
M1 M2 M3 M4 M5 M6

(b) Topological graph for the presented manipulator with
end effector attached with the base frame

Figure 2: Topological representation: The red arrows represent actuated joints, the blue arrows are the
passive joints and the blue dashed lines are the loop joints.

conditioning index (GCI) while the Hunt and Zamanov have better GCI at the cost of less
volume of the workspace. As the aim of the compliant manipulator is to interact with the
environment, the dynamic characteristics and global conditioning number were given pref-
erence over the workspace derived from the manipulator. The Zamanov type configuration
was chosen as shown in Fig 1, and the link lengths were decided such that the workspace
included a right circular cylinder with a diameter of 80mm and height of 100mm when the
roll, pitch, and yaw angles are zero.

A 6-DOF manipulator was used with the objective of ultimately providing all the rota-
tional and translation motions to the resulting system. The SS (spherical-spherical) pair
used in the mechanism to join the link 2 with link 1 and the end-effector (ref Fig. 2) acts as
a US (universal-spherical) pair along with an extra rotational DOF about the link 2 itself.
As this extra DOF does not affect the pose of the end-effector, the manipulator can thus be
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treated as a 6-RUS system instead of a 6-RSS system for kinematic analysis as shown in the
schematic diagram, Fig. 2a. The manipulator has 36 joints including the 6 actuated joints
and was separated into 6 independent subsystems as shown in the Fig. 2b. The inverse
kinematic solution for the presented manipulator is discussed in the appendix.

2.2. Dynamic modeling

The topology of the presented manipulator is shown in the Fig. 2b. For the purpose
of dynamic analysis, the manipulator is cut open at all spherical joints, thus isolating the
end effector completely from the links. In this method, the end effector is connected to the
ground with 3 prismatic joints and a spherical joint as shown in Fig. 2b. It is important
to note that the cut joints are passive in nature and only constraint torques are acted on
the cut joints. In Fig. 2b, M, are the motors at the base while Lq, represents the first link
of each subsystem and Lo,, the second link. R,, U, and S, are the revolute, universal and
spherical joint representation respectively while P stands for the prismatic joint.

Considering a system of rigid bodies with Ng bodies , N; joints and N, kinematic loops.
Let n = ZJ\LBI n; denote the degree of freedom of the spanning tree and r = ZkN:J Npi1 Tk
denote the number of loop closure constraints. We have q € R™*!, consisting the active as
well as the passive joint angle values required to define the end-effector and y € R(®~")x1,
stores the information of the position as well as the orientation of the end-effector.

As the inverse kinematics of the system is formulated initially, a unique mapping be-
tween the vector of joint angle values q and the end-effector pose vector y and can be
mathematically expressed as,

a=1(y) (1)

The derivative and double derivative of Eq. (1) relates the angular velocities ¢ and
angular acceleration ¢ at joint level with the velocities y and acceleration y of the end-
effector, respectively.

q=Gy (2)
a=Gy+g (3)

where, G = dvy/dy, is the loop closure jacobian matrix, G € R™*("~") and g = Gy In the
case of the topology presented in Fig. 2b n = 24 and r = 18.

In closed loop systems, the equation of motion for a spanning tree of the system subjected
to loop constraint forces can be given as:

Iq)d+C(q,q) =7+ 7. (4)

Here, I(q) € R™ " is the mass inertia matrix, C(q,q) € R™*! is a vector of bias forces
including Coriolis-centrifugal and gravitational forces, 7 is the vector of torque variables
while 7. are the constraint forces produced by the cut joints. By using Jourdain’s principle
of virtual power (i.e. GT7, = 0) and multiplying by GT on both sides of Eq. (4), the loop



constraint forces 7. can be eliminated.

GT’T = GT’T[D (5)

where, 7;p is the inverse dynamics output of the spanning tree also stated as:

Tp = ID(I(q)4 + C(q,q)) = ID(q,q,q) = ID(y(y), Gy, GY + g) (6)

GTT[D = Ggu (7)

Here, G, € R 7>~ i5 a matrix containing rows of G corresponding to the active
joints while u € R "> is the vector of actuator torques. For all non-singular configura-
tions,

u = G;TGTT[D (8)

The use of explicit loop closure function is often inconvenient for the user, as it is not
always possible to fulfill the condition for Eq. 1 and expressions for G and g are difficult to
compute for a general case. Even after the mentioned disadvantage, this method has certain
advantages while solving inverse dynamics for parallel mechanisms [30, 31]. However, the
advantages outweigh the manual effort needed to derive these functions because loop-closure
errors cannot occur i.e. q and ¢ is obtained without integrating q but are calculated by
using Eq. 2 and 3. This means that the loop constraints are analytically satisfied and there
is no need for constraint stabilization terms [30].

Inverse dynamics of equivalent spanning tree of the manipulator was solved using the
Rigid Body Dynamics Library (RBDL), an open-source C++ library that uses efficient O(n)
Recursive Newton-Euler Algorithm (RNEA) for solving inverse dynamics of the tree type
systems [32]. Another topological representation was considered for dynamic analysis in
which the manipulator was cut at 5 spherical joints and the end-effector was connected with
the first subsystem itself. In this representation, only 21 joints need to be defined in contrast
to 24 joints in the case of Fig. 2b. As evident, the time required to calculate the torques in
the spanning tree 7;p was less in the case of topological representation involving 21 joints
than the one presented in Fig. 2b. However, the method proved to be computationally more
expensive while solving for the actuator torques as the rows of G and G corresponding to
the last spherical joint contains lengthy symbolic expressions. The computation of actuator
torques given by the topology in Fig. 2b was significantly faster as it did not involve
the computation of complex expressions in rows of G and G matrix corresponding to the
spherical angles. On analysis, it was found that the inverse dynamic computation of 24
joint solution provided an execution rate of 500H z on i5 4" Gen processor whereas, the
21 joint solution provided 100Hz. Hence, the topology given in Fig. 2b was chosen for
the real-time implementation of inverse dynamics routine, providing higher frequency of the
cascaded controller described in the next section. This finding is also a side contribution of
this research work and it significantly affected the reaction time of the manipulator during
compliance.



3. Sensorless compliance strategy

After the inverse dynamics is solved, it is critical to interpret the torque values from
actuators and implement a control strategy for the compliance. To enable human-robot
interaction, it is essential for the parallel manipulator to follow the human intention or
comply with the external force. Various reaction strategies are reported in the literature
for compliant control of the manipulators [33, 34]. Among all other methods, impedance
control strategy, which is an indirect force control methodology was chosen in this research
because of its uncomplicated nature and efficiency in real-time control. In impedance control
strategy, the behavior of the end-effector of the manipulator is modified to act as a spring,
mass and damper system in the event of interaction, i.e., the mechanical impedance of the
end-effector is regulated [34]. The desired impedance of the end-effector can be expressed
as:

My(§ — §o) + Da(y — ¥o) + Ka(y — yo) = We (9)

Here, My, D, and K, are desired inertia, damping and stiffness coefficients. y, as defined
in section 2.2, represents pose of the end effector with y is its the initial value. w, is the
measured contact wrench at the end-effector.

The use of impedance control can be justified in the case of compliance and safety, as
when an external force is applied, the end-effector will deviate from its initial pose and
follow the desired motion according to the external wrench. Impedance control scheme has
been implemented in various forms depending on the measured input and desired output
[34]. Implementation of traditional impedance control strategies have few drawbacks [35]
since it directly controls the motor torque due to which it becomes essential to have an
accurate inverse dynamic model, as well as precise information of the external force during
the interaction. Further, the parameters My, D, and K, also control the trajectory tracking
in the absence of external force and the selection of parameters becomes a challenging task.
To overcome the above shortcomings of implementation of traditional impedance control,
three layers cascaded control was proposed which modifies the impedance control scheme
to control the force applied through the end-effector purely by motion control based on
the scheme presented in [36]. There are two major components of the proposed sensorless
compliance strategy, firstly the estimation of external wrench without the use of an external
sensor and secondly, complying efficiently to the external wrench using a modified three
layer cascaded controller.

3.1. Estimation of external wrench

To implement the impedance control for active compliance, the detection of external
disturbance is of utmost importance. The manipulator can be controlled efficiently if the
external force applied to the manipulator is accurately estimated such that the Eq. (9)
reflects as desired. The proposed formulation is able to provide full body compliance which
is discussed further.



It can be shown from the dynamic modeling of the manipulator that the external wrench,
We = [fu, fys fr, Ma, my, m.|T, acted upon the end effector can be related with the torques
at the actuated joints as follows:

Gf’Tdiff = W, (10)

Where? Tdiff = Tactual — U

Here, (f., fy, f.) are the orthogonal components of force and (m,, m,, m,) are the orthog-
onal components of moment in the external wrench. T,.uq is the torque measured at the
joint through the actuators at any given state of the manipulator while 74 is the difference
between the actual torque and the expected torques at the actuated joint as calculated from
section 2.2.

3.1.1. Force projection

This section discusses the challenges in making the manipulator full body compliant.
It also presents a novel approach to detect and comply to an external force applied on
any movable link of the manipulator. The method proposed in section 3.1 can be used in
operations where force is to be exerted through the end effector. The research aims to make
the manipulator compliant in such a manner that even if the system is disturbed at any
movable point on the manipulator other than the end-effector, it should comply accordingly
and so the following equation would suffice the purpose.

G, Taiff = Wa (11)

Here, G, is similar to G, at the point of application of external wrench, w, applied
apart from the end-effector. From Eq. (11) it is clear that for full body compliance either
w, should be known completely or the location at which the force is acted upon should
be pre-determined to calculate G,,. As no external aid is used to determine the contact,
calculating G, is not possible. It may be noted, that even after the point of contact is
determined it is computationally expensive to calculate G,, matrix in real time. For the
reasons mentioned above, an alternative method was investigated which was computation-
ally inexpensive and produced effective results.

Due to the closed kinematic loops present in PM, the effect of the wrench applied at
any point of the manipulator is reflected in the torques of all 6 actuators. In non-singular
configurations, |G| # 0 and so the system of linear equations presented in Eq. (10) has a
unique solution. The 745 measured after a disturbance is introduced at any point can also
be achieved by transferring the force vector to the end-effector. This method has not been
tested before for active compliance in PM and can be used to make parallel manipulators
full body compliant.

Tdiff = GJITWz = G;TWe (12)
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The same G, matrix from Eq. (10) was used even though the point of application of
the force was other than at the end-effector. By using this method, the external wrench
applied at any point on the manipulator is projected onto the end-effector and thereafter
comply to the projected wrench vector. As the end-effector follows the generated compliant
trajectory due to the projected wrench vector, the point of contact also follows a path that
complies with the actual external disturbance. The proposed method works well with PM
as the effect of external disturbance is reflected in all the actuated joints of the spanning
tree. It has been proved to be satisfactory in full body compliance of the manipulator, and
the results have been discussed in the section 4.

3.2. Controller scheme: 8 Layer cascaded control

In this section, control scheme and compliance startegies used for the manipulatorn are
discussed extensively. To achieve a fast compliant control loop, the controller was divided
in 3 layers having different functionalities and control frequencies. The independent layers
are described hereon. The overall block diagram of the cascaded controller is presented in
the Fig. 3. The controller is divided into 3 different layers:

Tracking trajectory when w. = 0

Joint feedback

Yd,Yd, ¥a

Commanded torque

5 ) Position/Velocit;
Fo Maor N v A et | o || P [
detection Controller Kinematics (MX-64T) Robot
We o rm Q
‘ Yid, ¥Yid, Yid Qda; 4da
Compliant trajdctory Inbuilt

torque feedback

Yd,Ya,¥a

Commanded Invers.e
trajectory Dynamics

Figure 3: Schematic diagram of 3 layer cascaded impedance control.

I. Proprioceptive Controller:
For enhanced disturbance rejection an inner proprioceptive joint controller, using Propor-
tional, Integral, Derivative (PID) control law for the position and angular velocity is pro-
posed. The controller behaviour was critically damped so that it was able to track the end
effector pose accurately without any osci. The controller acts as the innermost layer (see
Fig. 3) along with the inverse kinematics block and is a joint level Single Input and Single
Output system (SISO); therefore 6 independent control loops are used for each actuated
joint. For any taskspace trajectory, the joint angles were computed using Eq. (1) and the
joint velocities were computed using Eq. (2). Since the joint states corresponding to the

10



actuators were required, a permutation matrix consisting of zeros and ones was used.

do = Sq (13)

where, S € R6*2% ig a permutation matrix and q, € R*1 are the actuated joint values.

As the proposed impedance control scheme utilizes indirect force control through this
joint control loop, it was crucial for this controller to have an accurate and fast response.
In this case, the joint level SISO PID controller was inbuilt in the Dynamixel embedded
controller, ensuring acceptable performance.

IT. Impedance Controller:
The intermediate impedance controller portrayed the impedance behavior and played a
role only during interaction by generating the desired impedance trajectory for the in-
ner proprioceptive controller. The trajectory was generated by solving the second order
non-homogeneous differential Eq. (9) for real solutions of y. Eq. (14) was analytically
differentiated with respect to time for y

Y = Wei 4 Clef(/\ut)/@Mdi) + 026*0\2#)/(21\4@) (14)
K
where
Dy £ A
14,2 2Mdi di d: d ( )

and ¢y, ¢o are constants to be determined based on condition before interaction (yo, Yo, Jo)-
The term 7 varies from 1 to 6 corresponding to 6 taskspace variable.

During an interaction, the external wrench was calculated as described in the section 3.1
and modified the impedance behaviour of the point of application of the external wrench.
The added advantage of such a scheme was that the parameters of the controller (M, Dy
and K,) could be modified to generate different impedance behavior without affecting the
performance of the inner control loop. Therefore, independent stiffness, inertia and damp-
ing factor in all the 6 different task space direction could be maintained, conforming to the
principle of active compliance.

ITI. Force Monitor:

The outermost layer of the control scheme was the force monitoring controller which sensed
the feedforward term of the joint torques and regulated the impedance controller. It also
computed the joint torques using the inverse dynamic formulation described the section
2.2 in real-time for each joint state considering no external force. Based on the difference
in the expected and actual joint torque, it switches the impedance controller on, or off
and estimates the external wrench term in the event of compliance. Along with this, it
also differentiates a collision from interaction by sensing duration of application of external
force. If no external force was provided, it bypasses the impedance controller and provides
the user-defined task space trajectory directly to the inner proprioceptive contoller.
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The proposed controller scheme makes the PM inherently compliant while maintaing the
positional and taskspace accuracy. This scheme makes an important contribuition in the
contol of PM, making it useful in industrial and academic applications.

4. Results and Discussion

In this section, the result and discussion of separate reaction strategies in the event of
human interaction using sensorless compliance strategy is presented. The basis of these
strategies lies in the sensorless estimation of the external wrench as well as kinematic and
dynamic modeling of the PM. An experimental setup utilizing well calibrated systems such
as Bertec® and Vicon® were used to verify the accuracy of the proposed methodology.

4.1. FExperimental setup

As shown in Fig. 4, the designed and fabricated PM was attached on the top of Bertec®
force plate system [37], which measures three orthogonal components of the resultant force
and moment applied on the plate. If any external force was applied to the manipulator, it was
reflected by the force plate. Further, to verify the compliant motion, Vicon® motion tracking
system [38] was utilized, which is a standardized 3D space localization system, utilizing 8
Motion Cameras along with infrared markers for tracking objects. Vicon® markers were
fixed on the end-effector to track its trajectory during compliant motion. A vertical rod
with two sets of Vicon® markers were utilized to precisely locate the force vector on the
PM, in 3D Space. Using the experimental setup in Fig. 4, different sets of the proposed
sensorless compliance scheme was evaluated and validated.

VICON track-
ing system

End-effector
tracked by VI-
CON

Stick used to
apply force

Bertec force
plate

Figure 4: Experimental setup for compliance control verification
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4.2. Verification of Inverse Kinematic and Inverse Dynamic Model

Different end-effector trajectories without external load were executed to check the ac-
curacy of the kinematic as well as the dynamic model. Using the Vicon tracking, kinematic
accuracy is presented in Fig. 5a which shows the comparison between commanded task
space trajectory (shown in red) and trajectory followed by the end-effector (shown in blue).
Fig. 5b shows the commanded joint angle and corresponding actual joint angles achieved
by the joint actuators.

Verification of the dynamic model was not straightforward as the kinematic model, as
no extrinisic joint torque sensor was used to provide the joint torques. Dynamixel motors
MX-64T [39] provides current, voltage and load of the motor as feedback and after standard
current-torque calibration technique, mapping of motor current to joint torques was used
to estimate the actual joint torques. Fig. 6 shows the comparison between actual and
theoretical joint torques for a user defined end-effector trajectory.

—Task trajectory Tasks) trajectory folluwed}
0.03 = Commanded joint angle (q“) = Commanded joint angle (qﬂ) — Actual joint angle (qM) —Actual joint angle (quz)

0.02 -

0.01

0

Position along Y-Axis (m)
Angle (Deg)

-0.01 -

-0.02

-0.03 s s 2 s " s s s
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 ° 8 1 13 . % 3 3 4 43 h

Position along X-Axis (m)

(a) End effector tracking (b) Joint level tracking

Figure 5: Proprioceptive controller accuracy verified using VICON tracking for trajectory, = =
0.025sin(2t),y = 0.025c0s(2t), z = 0.25

— Actual torque (q,,) — Expected torque (q_,) - _
ane s — Actual torque (q,,|) = Expected torque (q )

Torque (Nm)

Time (Sec)

Time (Sec)

(a) Torque data of Motor 1 for trajectory: @ = (b) Torque data of Motor 1 for trajectory: x =
0.025sin(0.5t), y = 0.025c0s(0.5t), z = 0.25 0.0,y = 0.0, z = 0.25co0s(2t)

Figure 6: Verification of Inverse Dynamic model

The results show that the PM was able to track the desired trajectory taskspace within
2% error thereby, confirming the accuracy of the kinematic model. Similar results were
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achieved for rotational motion and high-frequency trajectories. The torque plots show that,
in high-frequency operation as shown in Fig. 6b, there was a considerable difference in
the theoretical torques and actual torques. This may be due to high motor inertia terms
and non-linear frictional terms which were not incorporated in the inverse dynamic model.
Often these terms increase the complexity of the dynamic modeling and are computationally
exhaustive. This leads to an important observation - the position based control will be
more accurate than torque based control. Therefore to achieve compliant behavior, position
command based impedance control was used which utilized the inverse kinematic model
of the PM in contrast to traditional impedance control which utilises torque commands
from inverse dynamic model. However, to detect human interactions and estimate the
external wrench, it was crucial to have correct theoretical torques. It was observed that the
motor dynamics could be ignored in low-frequency operations and the proposed model works
satisfactorily in such slow maneuvering as shown in Fig. 6a. The trajectory tracking error
could be further minimized by precise manufacturing of the manipulator and by choosing
actuators with low gear ratio and less backlash such as harmonic drive.

4.3. Verification of Sensorless compliance strategy

This section discusses various experiments implemented to verify the sensorless full body
compliance strategy. The position control accuracy and torque comparison is shown in Fig.
5 and Fig. 6 and this section shows the verification of external force and compliant motion
according to the disturbance.

4.3.1. Ezternal wrench verification

External wrench estimation scheme was verified using Bertec® force plate system. The
PM was locked at a fixed pose, and an external force was applied using the rod fixed at the
end-effector. Readings from the force plate, as well as the estimated wrench, were compared.
The plots in Figs. 7b and 7d show that the proposed external wrench detection scheme has
an error of less than 5% compared to standard force-plate measurement. Therefore, the PM
can act as a light weight force feedback system and can be extended for haptic as well as
tele-operations.

4.3.2. Collision detection

When a collision occurs, the stiff proprioceptive control tries to avoid the joint error
and increases the actuator torques, thereby creating a significant difference in expected and
actual actuator torques. Such a surge in torque difference was registered as a collision and
the PM was stopped immediately at the current pose, and the joint torques were monitored
for further intended collaborative motion by the force monitor layer. Fig. 8 shows the plot on
joint torque during the event of a collision. To maintain clarity, only the torques of actuator
1, 2 and 4 are shown. At t = 4.75s, a collision occurred which suddenly increased the joint
torques. The PM was stopped within 250ms and as the collision was removed, the actuators
maintained a constant torque value suggesting a static position. By this experiment, the
collision detection was successfully demonstrated.
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4.8.8. Active Compliance

If the external disturbance was acted upon the manipulator even after it stopped, the dis-
turbance was registered as a case of intended interaction. For such incidence, the impedance
controller was activated by the force monitor layer (refer Fig. 3). This results in complying
with the end-effector in the direction of the applied force. This sequence is executed as long
as an external force was detected, i.e., the difference between actual torques and estimated
torques for any given joint state is beyond a threshold value. Once the external force was
removed, the impedance control generates the retracting trajectory such that the PM goes
back to its original pose before the event of force application. Numerous experiments were
conducted to validate the compliant motion. The Figure 9 shows the actual actuator torques,
during one such compliant motion when a vertical force was acted upon the end-effector of
the manipulator. The plot can be grouped into four stages - 1) Initial stage of trajectory
tracking or static case; 2) External force application and detection stage where sudden in-
crease in the difference in the joint torques is measured and external wrench is calculated; 3)
Compliance stage, wherein the end-effector complies in the direction of applied force as long
as the force is present and 4) Recovery stage, which starts after the force is removed, and
the actual torques come close to the expected value. The PM recovers from the deflection
caused by the applied force and goes back to its original state.

‘—Actual torque (q al) —— Actual torque (q aZ) — Actual torque (q a3) Actual torque (q a4) —— Actual torque (q as) —— Actual torque (q a6) ‘

L6

1.4

1.2

1

Torque (Nm)
S S S =
~ - - o

o

&
o

Force applied

Interaction
detected

Compliance

T

Force removed

Removal of intefraction
detected

Recovery

5 6

Tim;(Sec)
Figure 9: Joint torques during compliant control

Experiments for full body active compliance were carried out and validated by the accurate
tools available. The active compliance was tested when the force acted upon the end-effector
as well as when it was applied on any other part of the manipulator. The following para-
graphs discuss both the cases and present their results accordingly

Case I : Compliant motion due to force at the end-effector - Using the experimental setup
as shown in Fig. 4, the accuracy of the compliant motion was verified by applying external
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force at end-effector. In Fig. 10a, an external force in negative z direction was applied at
point A using the rod. It becomes evident from Fig. 10c, that the end-effector, which was
tracked by Vicon®, moved in the direction of the application of force and, as the force was
removed it retracted back to its original state. The reaction time of the compliant motion
was verified by the corresponding external force measured by the Bertec® force plate. A
small delay between the application of force and start of motion corresponds to a check
described in the force monitor layer in section 3.2, which differentiates collision and the
intended interaction force.

Case II : Compliant motion for force at the PM’s body To validate full body active compli-
ance, a force along negative y direction was applied at point B which was not at the center
of the end-effector as shown in Fig. 10b. In this case, the force was projected on the end-
effector as discussed in the section 3.1.1, and thereby projected compliant trajectory was
generated. Tracking data from Vicon® of the point B shows that the compliant motion was
along the direction of application of the force, which verifies the correctness of the proposed
methodology. The measurement by the Bertec force plate confirms that compliant trajec-
tory generated was according to the direction and magnitude of the external force applied at
point B and adhered to the desired motion given by Eq. (9). The presented results confirm
that the PM was able to comply to any external force applied to its movable part of PM’s
the body validating the proposed methodology for full body active compliance.

A supplementary video is also provided along with the text that demonstrates the different
control strategies mentioned in the section 3.

5. Conclusion

In this paper, a strategy for sensorless full body active compliant parallel manipulator is
developed which can be used in several industrial manufacturing applications. The novelty
of our methodology lies in the ability to detect and actively comply to an external distur-
bance applied at any movable part of the parallel manipulator without the use of an explicit
force/torque sensor. A three-layer cascaded controller was proposed for precise compliant
motion as well as trajectory tracking. Trajectory tracking, force estimation and compliant
motions are validated through various experiments. Separate strategy is presented for acci-
dental collision as well as intended collaboration, thereby increasing the functionality of the
proposed scheme. The accurate wrench detection at the end-effector makes the manipulator
useful in all force controlled tasks such as industrial assembling, surface finishing, and coop-
erative manipulation as well as in the area of haptics and lead through programming. Due
to its compact design it can also be used as a force/torque sensor mounted on a serial arm.
The presented work can play an important role in cases of delicate operations or when un-
expected human intervention is possible. The advantages of parallel mechanisms combined
with the force sensing and control ability makes the presented manipulator safe, versatile
as well as a competitive alternative to it’s serial counterpart. Sensorless full body active
compliance in a parallel manipulator has not been discussed before to the best of authors’
knowledge.
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Appendix A: Inverse kinematics

7-axis

y-axis

X-axis

Figure 11: Schematics explaining the joints of the subsystem

The inverse kinematics solution for the topological representation shown in Fig. 2 is
presented in this section.
For the purpose of kinematic analysis, each subsystem was first transformed to a common
frame and the angles related to the pose of the end-effector were calculated using geometric
solution and the calculation is shown in the following section. As both, the input trajectory
and the trajectory for compliance, are limited by the physical joint angle limits, the kine-
matic feasibility of the end effector was a pre-check before complying along a trajectory.

Structure definition (refer Fig. 11):

[y «length of the link coupled with second joint

Iy <length of the link coupled with third joint

0, <—Angle of Link 1 with respect to the x-axis in X Z plane

0y <+—Angle of projection of Link 2 in X Z plane with respect to the extension of Link 1
03 <—Angle of Link 2 with respect to its projection in X Z plane

The complete pose of the end-effector with respect to corresponding motor is known and
given by [e,r] where e gives the position {x,y,z} and r provides information on the orienta-
tion {roll, pitch, yaw}.

From geometry:
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05 = arcsin(lg)

cos(fy) =

2
22+ 22 — (12 + (Iy cos(03))?)
2[1[2 008(83)

sin(fy) = ++/1 — cos(6,)?

0y = arctan 2(sin(fy), cos(6s))

0, = arctan 2(zq, x2) — arctan 2(ly cos(#3) sin(6s), l; + Iz cos(63) cos(6s))
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