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Abstract. This paper explores the requirements-based design and static
analysis of a 6 Degree-of-Freedom parallel robotic headrest, of novel
architecture, to counter head motion in vitreoretinal surgery. Upcoming
therapy delivery interventions require micro-precision but should ide-
ally take place under local anaesthesia. Therefore, breathing, spasmodic
motions, and even snoring that often occurs need to be accounted for and
if possible counteracted. Passive approaches that aim to constrain the
patient’s head have not yet been fruitful, while invasive stereotactic fixa-
tion is naturally not an option. The proposed design respects ergonomic
and surgical constraints to act as a headrest that will ultimately coun-
teract patient motion. Static models are developed to understand the
architecture’s characteristics, and performance metrics are devised for
design evaluation. Finally, a prototype is presented.

Keywords: Parallel robot - Surgical robot *+ Kinematics

1 Introduction

Stem cell implantation and gene vector delivery are envisioned as sight-restoring
vitreoretinal surgical interventions [1,2]. To maximise the efficacy of therapeu-
tics, injection precision of 10 wm is required. The surgeon’s physiological hand
tremor and patient’s head movement, however, are proving a challenge in achiev-
ing the required positioning accuracy. Physiological hand tremor is on the order
of 200 um [3], while patient head motion can be as much as 11 mm [4]. While
many solutions to mitigate hand tremor are being researched [5], methods to
reduce the patient’s head movement have been less explored. Head movements
that occur such as when a patient snores, breathes, or sneezes, raise the risk of
complications. Therefore, a method to stabilize the patient’s head during oph-
thalmic surgery needs to be devised.
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Examined approaches that aim to mitigate head movement have so far focused
on trying to restrain the head. Examples include the head fixation device for
iRAMIS robot [6] and the Granular-Jamming Headband [7]. Our article explores
the possibility of a robotic headrest that can actively counter the patient’s head
movements. As the headrest needs to perform motions whilst supporting the
weight of the head, a parallel robot was chosen as the base system. Parallel manip-
ulators combine high rigidity and low inertia, resulting in a faster dynamical
response than serial manipulators. They also present higher accuracy due to their
rigidity against unwanted movement. Although currently there are many available
parallel robotic systems with 6 Degrees of Freedom (DoF) on the market, for exam-
ple the Physik Instrumente H-825 6-Axis hexapod [8] and the HexGen HEX300-
230HL Hexapod [9], design constraints and operational requirements arising in
ophthalmic surgery render the existing manipulators unsuitable as active head-
rests. Therefore, a robotic headrest with a new parallel kinematic architecture
alongside performance evaluation metrics related to our application’s require-
ments were developed.

2 Methods

This section presents the manipulator design approach, its static model, and
analysis of its workspace and performance against clinical requirements.

@ (b)

Fig. 1. Possible locations of the neck space in: (a) traditional Hexapod with a section
between two actuators removed, and (b) the proposed manipulator.

Manipulator Requirements: For acceptance in a vitreoretinal surgical set-
ting, the proposed manipulator needs to mitigate patient’s head movement whilst
preserving the ergonomics for the surgeons and retaining patient comfort. To
design a manipulator that can fulfill these functions, a set of requirements is
defined.
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To stabilize a lying patient’s head, the manipulator needs to apply a counter-
motion with the same magnitude. A recent study showed that during surgery the
patient’s head drifts for up to 11 mm along the horizontal plane (XY'). However,
patient’s head drift along the global vertical direction (Z) and rotation along an
arbitrary axis needs to be anticipated as well [4]. Since the head moves and rotates in
3D space, the proposed manipulator architecture needs to possess 6-DoF, to reach
any position within its workspace under any orientation. The workspace needs to
be at least as big as the magnitude of the head drift, while also adjustable to adapt
to different patient’s head position.

Table 1. Manipulator target specification

Requirement Value
Resolution 10 pm
Translational Workspace diameter and height | 88 mm, 61 mm
Rotational Workspace 0, 0y, 0. +5°, £5°, £5°
DoF 6

Load capacity 30kg

Maximum height at Workspace Bottom Point | 300 mm

As a safety measure in head stabilization, a cylindrical-shaped workspace that
fits a 50 x 50 x 50 mm? cube within it was chosen, with the addition of 11 mm on
all directions to account for the magnitude of the head drift. To cover the required
volume, the cylindrical-shaped workspace should have a minimum diameter of 88
mm, and vertical motion of 61 mm. Furthermore, while there is no identified value
of a patient head’s rotation during surgery, we select a £5° rotation relative to all
three global axes indicated in Fig. 1, as a requirement to accommodate extreme
motions. The resolution target for the headset was selected to be the same as the
10 pm resolution required for retinal therapy delivery.

In terms of load carrying, the manipulator must support the weight of the head,
the headrest pillow, and all attached components in a dynamic setting. The human
head on average weights 4.3-5.3 kg [10], while the headrest pillow (including metal
supports) is approximated at 4-6 kg. The weight of the manipulator components to
be carried is estimated at a maximum 3.5 kg. Therefore, the rounded up weight that
the manipulator needs to carry is considered 15 kg. Considering a safety factor of at
least 2 to account for purposeful /forceful motions for head-posture adaptation, we
arrive at a requirement of 30 kg as the manipulator’s load-bearing capacity under
motion. Finally, the manipulator must preserve the ergonomics for the surgeon and
retain patient comfort. This can be achieved by embedding the headrest within
the manipulator. As the height of existing headrests are on the order of 180 mm
(measured in the clinic), the maximum height of the proposed manipulator when
the upper platform is at its lowest operational position, which is referred as the
workspace bottom point, should be maximum 300 mm. The requirements for the
proposed manipulator are summarised in Table 1.
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Manipulator Design Architecture: As is common in 6-DoF parallel robots,
the general design of the manipulator architecture comprises a lower platform that
functions as a base, an upper platform that acts as the end-effector of the system,
and 6 linear actuators connecting the two. The headrest pillow will be mounted
within the perimeter of the upper platform, as shown in Fig. 1b, so that the height
of the manipulator respects the requirements listed in Table 1. The advantage of
this configuration is that the center of mass of the head will be close to the upper
platform centre-point, which increases the mechanical stability of the system. How-
ever, as the patient’s head will rest deeper within the upper platform perimeter,
dedicated space is required to accommodate their neck. One way to achieve this is
by making space between two of the manipulator’s actuator attachment points on
the upper platform.

In traditional hexapods, cutting the upper platform between the two actuator
attachment points as shown in Fig. 1(a) will not provide enough space to accom-
modate the patient’s neck due to the interference caused by the axis-symmetric
arrangement of the actuators. To maintain and enhance manipulator mechanical
stability while enabling the platform to accommodate lower pillow position, we
designed a parallel architecture where the 6 actuators are grouped into 3 Leg-Pairs.
Each Leg-Pair always forms an imaginary local plane (Leg-Plane), perpendicular
to its normal vector fi regardless of the position and orientation of the upper plat-
form.

The manipulator upper platform is connected by three 1-DoF rotary joints to
three upper links, with their rotation axis located on the local XY plane of the
upper platform at point Uy and oriented along the vector 81, perpendicular to the
vector ¢, as shown in Fig. 2. Each upper link, together with two prismatic linear
actuators and a lower link form a single Leg-Pair. The upper link is connected
on both ends to the two actuators by 1-DoF rotary joints located at U; and Us,
whereas the two actuators are also connected to the lower links by 1-DoF rotary
joints, located at By and Bsy. The rotation axes of these 4 1-DoF rotary joints are
parallel to the normal fi of the Leg-Plane . The two prismatic linear actuators are
located between points U; and Bj, and Us and Bs, respectively. Finally, each lower
link is connected to the lower platform by a 2-DoF universal joint located at point
By, with 1 joint oriented on the Leg-Plane along §3 and 1 joint parallel to the the
global Z Axis along 83. The four-bar linkage actuator unit possess 3-DOF, which
combined with the 3 1-DOF rotary joint, provide the manipulator upper platform
the capability to move to any position and orientation within the workspace. By
combining the linear actuators two-by-two in each leg-pairs, the proposed arrange-
ment can provide space for the patient’s neck by increasing the separation angle
between two of its leg-pairs.
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Fig. 2. The proposed manipulator architecture: The notation used in the kinematic
model. The 3 identical Leg-Pairs can be modelled the same way.

Inverse Position Kinematics: Inverse position kinematics are briefly introduced
in support of the expanded statics derivation in the subsequent section. Figure 2
shows the notation used to establish the relation between the position and orien-
tation of the end-effector v = [z y z 6, 0, 6. T and all the kinematic elements of
the design, including the length of the prismatic actuators. For each leg, position of
joints Uy and U, are invariant to the upper platform local frame O, while the base
point By is invariant in the base frame. The orientations of the joint axis vectors s}
and s3 are also invariant in their respective frames. The only unknown is therefore
the orientation of s5. This vector is perpendicular to both s3 and n = u; X us,
i.e. the normal to the plane of the leg. Once sz = §3 x 11 is known for each leg, the
configuration of the device can be fully established.

Static Model and Jacobian Matrix: This section presents the analytical model
for the force transmission from the 6 actuators to the end-effector. The derived
model was cross-validated with numerical derivatives of the inverse kinematics
model.

To achieve static equilibrium in a given configuration, the sum of forces and
moments on all rigid bodies must be zero. As it is the case for any parallel structure,
the total forces and moments acting on the top platform are a linear combination
of the sum of the forces and moments on each leg. The static analysis can therefore
be calculated initially for each leg independently by the leg Jacobian matrix .J;. We
will use the notation of Fig. 2 for a single leg-pair and retrieve the linear relation

fe (3x1) :| |:f1 ]
=J , 1
2o | — i | £ )
where f; and f; are the forces produced by the two actuators of the leg and f,
and 7, are the forces and moments at the attachment point Uo,, (top link, middle).
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The total forces and moments can be broken down into a component that lies
in the plane of the leg, and a component that is normal to that plane such that
fo =fep +fenand 7. = T, p + Te,n. Note that the vectors in this section can be
computed in any reference frame as long as the same frame is used for all vectors.

On one hand, the calculation of the reaction forces in the plane (fe ), and the
moments normal to the plane (7e,y, ) are straightforward. In matrix form, we have

)l el - 1) @
Te,n d; x a; dg X as fa

On the other hand, the force normal to the plane f; ,, and the moments in
the plane T , require more elaborate calculations. Conceptually, these forces and
moments are created because the universal joint at base point Bo, cannot con-
strain the moment normal to the plane without creating additional moments in
that plane.

Indeed, the moment applied on the base platform by the actuators is given by
Ton = fl(—al x by) + fg(—al x bq), which is always directed along 1, i.e.
normal to the plane. However, the only reaction moment allowed by the universal
joint on the base is along the direction perpendicular to both of its joints, i.e. along
83 x 82. Therefore, the total reaction moment on the base 1, = 75,(83 X 82) is such
that its vector projection onto i1 is equal to 7.y, .

While the 13, ,, component of 73, reaches static equilibrium due to the forces f;
and f> created by the actuators, the residual moment 7, = 75 — Tp,n = Tp,p(0 X
§2) lies in the Leg-Pair plane and must be compensated by forces and moments
applied at the leg attachment point Uo,,. In matrix form:

[—§3 X 8§ 0 X §2] L_:’p] = [d1 x by da X bz} Hﬂ (3)

For given forces fi and f3, this constitutes a system of three equations and two
unknowns. A Moore-Penrose pseudoinverse (+) can be used to find a least-squares
solution to a system of linear equations that lacks a unique solution. However, since
all vectors in this system lie in the same plane normal to §3, only 2 out of the 3
equations are independent. Thus, the use of the pseudoinverse produces the exact
system solution, and the residual moment 7y _j, is

Th,p = [03><1 n x éz] [—53 X §2 n x 52}+ [&1 X b1 fll X bl] |::};;:| (4)

To keep notation compact, (4) will be denoted as 7p,, = J1 [fl fg]T, where

index 1 in J; simply refers to the first building block of the complete Jacobian
matrix J.
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The residual moment 7y, at the base of the leg lies in the plane of the Leg-Pair
and must be compensated by forces and moments applied at the leg attachment
point Uo,,. The two ways of creating moments in that plane are by a linear force
fe.n perpendicular to the plane, and a moment T, , in the plane itself, which are
respectively orthogonal to vectors fe p, and 7., described in (2).

Because of the revolute joint with axis §; located at Uo,,, the direction of 7, at
this point must be aligned with i x §; while a force f. ;, at this point will create a
moment f, (01 X p), with p being a vector from Uo,, to Bo,. In static equilibrium:

A ~ A fe n fl
nNxpnxs§ == 5
axpics) [fo] - B o)

Since all the vectors lie in the same plane, only 2 of the 3 equations are indepen-
dent. The pseudoinverse can be used for the exact solution for fe , and 7 p:

[f:;} == [Oil ﬁoixglj [fl X pix §1]+ Ji {fl] (6)
Adding (6) and (2) gives us the linear relation between the actuator forces fi
and f> and the total reaction forces and moments fo and 7. described in (1). The
latter, however, only describes the forces for one leg at its attachment point.
We are interested in the effect of all three legs at the point O located in the
middle of the end-effector platform. The force of leg ¢ at point O is given by

f; I(3x3) O(3x3) fui fui
= J; =Jy 7
[Ti] {[Ci] « L3x3) fai Bl fai (™)
where [ci] . 1s the cross-product matrix of vector c; going from leg attachment
point Uo; to end-effector point O. Now, we can assemble all three legs as:

f Jll -
[T] = |Jiz| [f11 fa1 fi2 fo2 f13 fas] = JF (8)
Ji3

Due to the power conservation principle, J can be used to establish the inverse
velocity kinematics as q = .J? v where q is the length of the 6 actuators. Another
way to obtain J” is by numerical derivation of the inverse position kinematics.
Numerical evaluations of JT was performed all over the workspace, converging to
the same value for the Jacobian matrix J obtained analytically in this section.

Metrics for Performance Analysis: We consider the reachable workspace, end-
effector resolution for unit actuation stroke inputs (resolution ratio), and end-
effector force output for unit actuation force input (force ratio). Stiffness and
dynamics were not evaluated, and are left for future work.

It is well known that parallel manipulators are prone to parallel singularities
inside their workspace where J Tvp = 0 and control in a particular direction vy
is lost. As manipulator workspace, we define the volume in which the upper plat-
form can move and rotate without encountering any singularity. It was analyzed
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by sampling the determinant and the condition number of the manipulator Jaco-
bian matrix J within a range of positions and orientations that cover the desired
workspace. To numerically identify singularities given the sampling intervals, we
detected sign changes of the Jacobian determinant. The final robot workspace
should not exhibit singularities.

The second performance metric is the end-effector resolution given unit actu-
ation inputs, see [11]. This method maps a 6D hyper-cube corresponding to the
resolution in the actuator space to a zonotope corresponding to the resolution in
the end-effector space, the farthest points of which in each dimension correspond
to the end-effector resolution in that dimension. The final robot should exhibit a
resolution ratio that, for appropriate actuators, should fulfill the requirements of
Table 1.

Finally, the end-effector force ratio was evaluated within the entire workspace in
the X, Y, and Z direction, following the methodology presented in [12]. Using (8),
the force ratio corresponds to the highest absolute element in F needed among the
6 actuators to produce a unit force on the end-effector in one direction. This ratio
will be used to determine the actuator force needed to meet the force requirements.

3 Results

The metrics described previously aid in understanding how a manipulator’s per-
formance varies as the design parameters change. We employed them in a design
evaluation approach that will not be fully described in this submission. In the end,
to accommodate the patient’s neck, I'y was set at 86°, and subsequently I's, and
T'3, at 180°, and 274°, respectively. Furthermore, as the upper platform needs to
be large enough to support both the head and the headrest, 7,1, 7,2 and r,3 were
set at 140 mm. To prevent the three upper links colliding with each other, [,, was
constrained to maximum 260 mm. The design parameters are shown in Table 2.

Manipulator Workspace: Workspace analysis of the final design resulted in a
set of condition number maps, where each map describes the condition number of
the manipulator Jacobian Matrix at sampling points on an X-Y plane, given an
initial height and orientation for the manipulator. Condition number maps were
evaluated for representative sets of heights and orientations to ensure the absence
of singularities within the desired workspace. Figure 3a shows the inverted value of
the condition number for each sampling point for the manipulator at Z = 280 mm,
which represents the bottom of the overall workspace and its most common start-
ing configuration. As can be seen, no singularities are present. The condition num-
ber is fairly constant within the desired workspace (encircled), implying consistent
manipulator behaviour. The design satisfies the requirements of Table 1.

End-Effector Resolution: End-effector resolution analysis performed on the
proposed manipulator design resulted in six resolution ratio maps, where each map
details the resolution of the upper platform in a translational or rotational axis rel-
ative to the resolution of the actuator sensor, which was represented as ¢4z, at
each sampling point. In translational motion along the X axis direction, the reso-
lution factor of the upper platform is observed to be between 1.14 and 1.91, with the
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Table 2. Manipulator design parameter values

Design parameter Value

run: Length of imaginary line that connects upper platform center | r,1 = 140 mm
point to the rotary joint that connects the upper platform and the

rv2 = 140 mm
n'" Leg-Pair upper link. Also referred as upper platform n'”* radius. ?

ru3 = 140 mm

I',.: Angle of separation between the upper platform n'* radius and |I'; = 86°

the z axis on the local XY Plane. Ty =180°

I's = 274°
l: Upper link length. lw = 260 mm
7on: Length of imaginary line that connects lower platform center rp1 = 175 mm

point to the universal joint that connects the lower platform and the

rp2 = 180 mm
nt" Leg-Pair lower link. Also referred as lower platform n'”* radius. b2

rp3 = 175 mm

©,: Angle of separation between the lower platform n'" radius and | ©; = 60°

the z axis on the global XY Plane. 0, = 180°
©3 = 300°
lp: Lower link length. lpy = 76 mm

lo: Vertical offset between the center of lower platform to the lower |, = 40 mm
link axis of rotation.

average value of 1.66. The maximum and average resolution factor values remain
similar to that of the X direction, with the maximum value of 1.89 for both the
translational motion on the Y and Z axis, and average value of 1.68 and 1.66 for the
translation motion on the Y and Z axis respectively. Finally, the resolution factor
for rotational motion relative to the global axes is similar to that for translational
motion.

End-Effector Force: The end-effector force ratio value for each sampling point
within the manipulator theoretical workspace is shown as the manipulator end-
effector force map, with three examples of the force map shown in Fig. 3b. Exami-
nation of the end-effector force ratio values within the desired workspace revealed
the maximum end-effector force ratio value of 5.63 to 1, minimum value of 5.45 to
1, and average of 5.56 to 1. The minimum end-effector force ratio value will be used
in determining the minimum actuator force that one actuator would need to exert.

Manipulator Prototype: A prototype was created based on the design parame-
ters to evaluate the manipulator’s performance in a manually actuated setting. The
manipulator upper and lower platforms were made using acrylic plates, whereas
complex components such as the joint were made using sintered nylon. Because
the 1st iteration manipulator prototype will only be used for design evaluation, it
is equipped with 6 non-motorized struts that represent the actuators. The manip-
ulator prototype is shown in Fig. 4 alongside a Styrofoam head.
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Fig. 3. Performance metric map for the proposed manipulator, Left: Sample condition
number map with the workspace of interest marked within a circle, Right: End-effector
force-ratio map for representative top platform orientations

Fig. 4. The assembled prototype of the proposed manipulator. The large reachable
workspace is illustrated, while the phantom head serves to indicate the accessibility of
the manipulator’s interior.

4 Discussion and Conclusion

The designed manipulator needs to use sensors and actuators with a particular min-
imum specification in order to fulfill the operational requirements. The end-effector
resolution analysis gave the maximum upper platform resolution factor value for
translational motion of 1.91. Therefore, as the resolution factor value was rounded
to 2, the manipulator needs to have linear actuator sensors with minimum resolu-
tion of at least 5 pm to fulfill the end-effector resolution target of 10pm. Further-
more, because the manipulator needs to support a weight of 30kg or 294 N, each
actuator will need to be able to exert force of at least 54.04 N as the minimum value
of the end-effector force ratio is 5.45 to 1. Therefore, the performance requirements
are turned into actuation component requirements, and pave the road for motori-
sation.
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