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1 Introduction

The use of robotic systems in medical applications includes
rehabilitation, training of the surgeon candidates, and surgery pro-
cedures [1-3]. Nonautonomous surgical robots are a surgeon on
the patient (Surg-on) and surgeon off patient (Surg-off) systems.
In Surg-on systems, assistant robots contribute to surgery by hold-
ing the tools, preventing the surgeon to approach vital organs, and
reducing the effort of the surgeon [4,5]. In Surg-off systems,
robots carry out all the surgical procedures while they are con-
trolled by the surgeon/s [6]. Usually, the Surg-off systems are not
remotely controlled due to communication delays. However,
advancement in communication technologies (i.e., 5G promises
lower latency) opens the path to intercontinental robotic surgeries
to take place in the near future [7,8].

Remote control of the Surg-off robots only with visual feedback
is not sufficient to diagnose if tissue is healthy or not [9]. In addi-
tion, the surgeon applies the right amount of force to grasp, cut, and
drill in the human tissue in conventional surgery. Therefore, haptic
stimuli need to be transmitted between the robot and the surgeon.
In this case, the surgical robot (the slave robot) measures forces
arising from its interaction with the human tissue and transmits to
the human—computer interface (the master haptic robot), to display
this information to the surgeon on the surgeon’s site [10].

Haptic manipulators should be lightweight for achieving high
dynamics performance. However, a lightweight structure exhibits
compliant behavior, which is detrimental from an accuracy view-
point. Figure 1 shows the effect of compliance for a static case
when the slave’s probe interacts with an object. The desired out-
put force at the knob is computed by making the stiffness of the
object K. and the distance between the pivot (knob) and slave’s
probe AX,. Note that the pivot position is computed by utilizing
encoder data at the actuator and rigid body kinematics. Then, this
force is reflected to the operator by the corresponding actuator tor-
que t.. Since the actuated arm is flexible and encoders cannot cap-
ture this compliant displacement, generated impedance at the
knob becomes inaccurate. That is, the operator experiences a
larger AX; displacement instead of AX, resulting in a softer K,
stiffness perception of the displayed object.
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specific case study is discussed by referring to the HISS haptic device that has been devel-
oped and built at Izmir Institute of Technology. Two different experimental setups are
designed for stiffness evaluation tests. Experimental results are discussed to demonstrate
their implementation in the proposed methodology for the fine-tuning of stiffness model.
[DOI: 10.1115/1.4049515]

For an enhanced haptic fidelity, the deformation of flexible
bodies must be considered in the computation of haptic informa-
tion by a stiffness model [11]. This model can be used in the hap-
tic control loop to estimate the end effector location and take the
necessary actions [12]. A control loop example that considers the
stiffness of the haptic device is given in Fig. 2. The desired force
from the remote environment is the force that is aimed to be dis-
played to the operator. Then, the control loop provides an esti-
mated actual position as the pivot location to the remote
environment, which results in more accurate desired impedance
generation. In addition, the positioning performance of the slave
robot increases since the whole system (Human Operator-Haptic
Device-Slave Robot) is coupled through force/position (or force/
velocity = impedance). Therefore, slave surgery robot receives
accurate position information from the master haptic device,
which is crucial for the intended microsurgery applications requir-
ing high accuracy in slave side such as fetal surgery (250 pum),
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vitreoretinal surgery (100 um), hearing aid implantation (400 um),
vocal cord cordectomy (50 um), microvascular anastomosis
(50 um), and vasectomy reversal surgery (50 um) [13].

Finite element analysis (FEA) in stiffness has high accuracy in
the cost of long computation time, but an FEA look-up table is
used in a real-time application in Ref. [14]. Virtual joint method
(VIM) [15] and the matrix structural method (MSM) [16] are pro-
ven to be faster in stiffness computation with a minimal loss in the
accuracy. For instance, 10 ms computation time for MSM [17],
and 0.5ms computation time for VIM in Ref. [18] are achieved
within 1% error range. Still, VIM/MSM models can be modified
by FEA results to enhance the accuracy [19].

A haptic device manipulator has several components such as
links, bearings, and screws. Also, geometric errors of these parts
generate hard to predict internal stresses in parallel manipulators.
Considering all these subparts and irregularities in a stiffness
model computation is not practical. Therefore, the best approach
to obtain an accurate stiffness model is to conduct experimental
tests directly on the actual mechanism and modify the obtained
stiffness model’s parameters following the experimental results.
Unfortunately, the literature is focused on industrial manipulators,
which are relatively stiffer than the medical robot manipulators.
Since the magnitude of haptic interactions is small, the compliant
behavior of medical robots is not studied enough.

A review of stiffness analysis and experimental validation of
the stiffness model of robotic systems are given in Ref. [20]. In
Refs. [21-23] experimental test procedures and design of experi-
ments are described for serial industrial robot manipulators by
using laser trackers. In Refs. [24] and [25], stiffness experiments
are described for parallel industrial manipulators. In these works,
the weights of the links and external forces are considered simul-
taneously, and the compliant deflections are measured via a dial
indicator. In Refs. [26-28], compliant deflections are captured by
a camera and computed by using image processing techniques. In
Ref. [29], a laser distance sensor is used to measure linear compli-
ant deflections. In Ref. [30], a coordinate measuring machine
(CMM) is used to acquire the compliant displacements. In Ref.
[31], an experimental setup was designed that measures the com-
pliant deflections indirectly by using linear variable differential
transformer sensors. Different from the prior studies, the flexibil-
ity of the mobile platform (MP) is taken into account in Ref. [32].
Also, the joint stiffness of industrial serial robots is considered in
Ref. [33]. In Ref. [34], linear encoders are attached directly to the
MP of the manipulator for measurements. The diversity in all
these experiments occurs due to the type of the manipulator to be
evaluated, and the used measurement instrumentation [35], but it
is common to use calibrated masses to generate external
force/torque. The common approach is to conduct several tests to
obtain data and fit a stiffness model to the data by adjusting the stiff-
ness parameters, namely, stiffness coefficients of the components.

This paper proposes a new experimental stiffness procedure to
address the lack of stiffness investigation of master haptic devices
for robotic surgeries. The experiment is easy to conduct and a few
kinematic symmetric locations in the workspace are sufficient for
measurements. The parameter estimation algorithm does not need
a large set of experimental data because it is assisted by a priori
FEA data and a compact parameter scaling matrix. We propose
two experimental test setups. The first experimental method is
based on applying displacement to the MP of the test subject and
measuring the reaction force/torque. The setup does not avoid the
joint clearance or gravitational effects but it can generate six
degrees-of-freedom (DoF) displacements/wrenches. In the second
experimental setup, a conventional approach adopted in the litera-
ture is used to avoid the joint clearance effects and minimize grav-
itational effects on the links. Then, the experimental data are
utilized to update the VIM stiffness model parameters. Next, a lin-
ear model based fine-tuning is applied to compensate for small
errors of constant unknown irregularities such as deflections
caused by internal stress and the linearization errors of the VIM
model. Finally, the modified model is compared with the
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experimental data. The test subject in this study is a three transla-
tional DoF haptic device called HISS [36], which is based on the
R-CUBE decoupled parallel manipulator [37]. The manipulator is
to be extended to 6DoF by attaching a spherical joint on its MP
for the needs of the surgical robots. Stiffness investigation is done
in 6DoF space meaning that the experiment procedure is already
suitable for higher DoF manipulators.

2 The HISS Haptic Device

In Fig. 3, the HISS haptic device is shown. The actuation sys-
tem of this prototype is composed of DC motors with capstan
drives. There is a balancing spring to compensate for the gravita-
tional load on the actuation system. To discard the stiffness of the
actuation system, the rotations of active links are locked with
mechanical brakes during the experiments. All metal parts of the
links are made of aluminum alloy. The first and the last links in a
serial chain are made of carbon fiber hollow tubes to decrease the
link’s mass. Tubes are assembled with aluminum houses via steel
pins and industrial adhesives.

2.1 Kinematic Model of HISS Device. In Fig. 4, a kinematic
sketch of the HISS is given. The manipulator has three transla-
tional DoF with a decoupled motion structure. u,(("/) unit vectors
corresponds to orthogonal axes for k=1, 2, 3 and (ij) indicates the

Jjth frame of the ith serial chain. (0) and (p) indicates the fixed and

MP frames where u,({o) I ug”‘ u§15),u§25),u(335>

u(135)7 u§15>,u§25> vectors, respectively. Note that the dimensions of

the MP do not change kinematics of this manipulator since the

MP frame is the intersection point of u,(f) vectors. The forward

kinematics is represented by a single equation as follows:

are aligned with

Iy :S+11 SiIl(pil and r= [1'1 1) 7'3]T (1)
where S is the constant distance between the origin and uglo) and
defined as S = /; + d where d is the length of a cubic MP. r is the
position vector defining the location of the MP’s frame’s origin
with respect to the origin of the fixed platform’s frame. /; is a
common link length for all the serial kinematic chains’ first link.
Link lengths are selected as a result of an optimization procedure
as [ = 122.3mm, /, = 80mm, and /3 = 129.3mm [36]. ¢;, is

Link 1] | Mobile
Platform
Balancing Link 2
Spring - Link 3
> \ " A <wm>.
Actuator p

Fig.3 HISS haptic device
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Fig. 4 Kinematic sketch of the HISS [18]

the active joint variable defined about ué’o) and @;; =0 for the
given position in Fig. 4. Singularity occurs when ¢;; = *=90deg
but, ¢;, is limited by =30 deg rotation. Joint variable at ugﬂ) causes
singularity when it is 0 deg or +180 deg but it is always in negative

configuration and ranges between —38 deg and —147 deg.

2.2 Stiffness Model of HISS Haptic Device. An illustration
of the VIM model of HISS’ single limb is given in Fig. 5. The for-
ward kinematics of the serial chain is formulated via the virtual
joint variable vector, 0;, and the regular joint variable vector, ;.
The passive joint variables of regular joints are isolated in a sepa-
rate vector ;. It is assumed that active joints are rigid. Then, the
partial derivative of the forward kinematics is computed to obtain
the Jacobian matrices with respect to each variable type as Jy; and
Jgpi- By using these matrices, the compliant deformation of joint
space (A;, A,,;) and task space (AX,) is related as follows:

AX; = JoAO; + JopiA®,,; (2)

AB; = 35 AX; — 35 i, 3)

Then, the local stiffness matrix of virtual joints, Ky;, and the
stiffness of passive joints, K,,; = 0 are defined. Next, the external
force vector, F; . is mapped to joint space via the Jacobian matri-

ces. In the final form, force/compliant displacement relation is for-
mulated as follows:

JZ)-,'Fi,ext o
JT F‘1'.,exl B

@pi

@

Ko 0 || J5'AXi = 35 J0piAG
0 K«)pi A(T)pi

Since K,; = 0 is valid in an ideal case, the above expression is
rewritten in block matrix form

(JGiKa,'I Jg,) J(ppi
J 0
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Fig. 5 Compliant kinematics of ith limb and its virtual joint
model where A is active joint, P is passive joint, V is virtual
joint, M is the mobile platform, B is base, L is a link element
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The matrix at the left-hand side of Eq. (5) is a compliance
matrix of the virtual and passive joints, namely, C;. Taking the
inverse of this matrix produces a rank deficient stiffness matrix.
This rank deficiency is a result of passive joints’ zero-stiffness
effect. The inversion is shown as follows:

Jo K, 0 o
C = ( " W B = Cl=
oo

Kigxg ~ ©
K, ~

where upper-left 6 x 6 subpart of the above inversion contains the
desired Cartesian stiffness matrix of ith serial chain, K. K,; gives
the relation between the compliant deflections and passive joint
motion. All serial chains are parallel connected to each other;
hence, the stiffness matrix of the manipulator, K¢, is computed
by, KC = Z?:l K,‘.

Link 2 is a body composed of a uniform material; hence, FEA
produces accurate results for this link. Stiffness of links 1 and 3
are obtained experimentally by hanging masses and measuring the
resulting displacements via a CMM. Preliminary results indicated
that the stiffness behavior of links 1 and 3 closely resemble the
theoretical stiffness of carbon fiber hollow tubes. This indicates
that other parts practically have no contribution to its compliance.
Therefore, the theoretical stiffness of the hollow tubes is modified
by means of experimentally obtained elasticity modulus. The stiff-
ness matrices of the links (those will serve as our initial guesses in
the model fitting) are given in the Appendix.

Virtual joint method is based on small compliant displacement
assumptions so that it can be used in a real-time control loop since
it is fast and reliable. If the forces are high or the manipulator is
highly flexible, then, “small displacement assumption” cannot be
made anymore. Yet, the VIM can still be used through an iterative
computation method where small displacements are addressed at
each iteration to cover the whole large displacements. In Section 3,
two loading states of the manipulator are defined as before and
after external loading, and the VIM model is linearized for zero-
loading state. These states can also be defined for each computa-
tion step such that the VIM model is linearized depending on the
state of the previous and current computation step of the com-
puter, excluding the zero-loading state. The VIM is linearized
with respect to its previous iteration step, while the final value of
the VIM model output is acquired considering 3 to 5 computation
steps [38]. Usually, a haptic control loop runs at 1kHz of fre-
quency [39]. In our recent study [18], we have shown that our
VJM model can run at 2kHz frequency, which enables the possi-
bility of an iterative approach also in real-time.

3 The Proposed Methodology for Tuning the Model
Parameters

The model fitting procedure is described in this section. A flow-
chart is given to summarize the steps of the proposed approach as
follows:

(1) Construct a stiffness model

(2) Formulate an error function

(3) Construct a scaling weight matrix

(4) Minimize the error by adjusting the weight matrix
(5) Fine-tune the model via a correction function

In the initial state, when there is no external input on the end
effector, the actual position of the end effector in Cartesian space
is computed as follows:

X =xy + Xy + x) e x )

where superscripts denote the state number. X is devoted to the
end-effector position information. X, is the actual location with
respect to the inertial frame used for the absolute measurements.
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X, is the position computed via rigid body forward kinematics. X
is the compliant deflection due to gravitational loads. X, denotes
the compliant deflection caused by internal stresses. Finally, X;
represents the effect of the joint clearance on the position.

When an external force is applied on the end effector, it is
transformed into a second state shown as follows:

XY =X+ X + XY + X+ K 'F ®)

where F is the external force vector. The compliant deflection of
the end effector that is caused by the external force is computed
by the difference of both states.

3.1 Assumptions. To facilitate the methodology and carry
out an engineering approach to the problem, a number of assump-
tions are made. Since the control loop is responsible for regulating
the stiffness of the actuators, the compliance behavior due to actu-
ator stiffness is neglected. Thus, AXy = 0. For minimal changes,
the variation of gravitational effects can be neglected. Therefore,
AXg = 0. Also, we can assume the compliant deflections due to
internal stress is minimal if the parallel manipulator is not an over-
constrained one and thus, AX; = 0. The joint clearance effect is
minimal since the inspected manipulator has a constrained archi-
tecture being a parallel manipulator and it has preloaded bearings
at its joints to minimize the joint clearance effects, AX; = 0. Still,
some errors might be observed since the manipulator has a
decoupled motion capability, which reduces the internal stresses
that might eliminate joint clearances. To solve this problem, suc-
cessive external forces should be applied in the negative or posi-
tive region of the motion axes. As a result, the compliant
displacement caused by the external forces and the relation of
compliant displacements are given as follows:

AX =X - X\ =K;'F )

3.2 Evaluation Process of the Experimental Data. After
experimentally obtaining the external forces, F, and the compliant
displacement, AX, K¢ stiffness matrix is to be determined. The
nonlinear structure of K¢ is known; hence, the only remaining
unknown is the parameters of Ky;. These parameters are deter-
mined such that K complies with the experimental force/
displacement relation.

HISS manipulator has three limbs and three links in each limb.
Three links in a limb form a symmetric positive definite stiffness
matrix that has a size of 18 x 18. Since all limbs are identical,
acquiring a single Ky matrix for all limbs is sufficient. Although
K¢ is proportional to Ky, direct estimation of Ky via model fitting
algorithms is difficult due to the number of parameters. An unam-
biguous initial value can be assigned to K that is close to the
actual ones. We propose to construct this initial stiffness matrix
by carrying out FEA and/or experiments on each distinct link.
FEA is suitable for unibody links. If the link has composite mate-
rials and/or subassemblies in its structure, it is advisable to obtain
its stiffness matrix experimentally. After defining an initial Ky, its
divergence from its initial value is computed. To determine the
divergence, an unknown diagonal square weighting matrix, W, is
inserted in the formulation. In this way, the model fitting algo-
rithm seeks a suitable W that minimizes the errors between the
model and the experiment data. The size of this matrix is the same
as Ky. The formulation is given as follows:

K) = WKyW’" (10)

where Kj, is generated by the model fitting algorithm.

The elements of W must be greater than O to preserve the posi-
tive definiteness of K. If the first guess of Ky is accurate, then,
W becomes an identity matrix. Since the initial value of Ky is
obtained via FEA/experimentally, it is logical to set the initial

011110-4 / Vol. 15, MARCH 2021

values of W to 1. Generally, these elements result between 1 and
0 after the fitting procedure because generally, the actual manipu-
lator has lower stiffness than the theoretical one [25]. Still, there
may not be a unique W. If a link does not experience displace-
ment and load along some certain axes or if the link is relatively
very stiff along some axes such that applied forces practically do
not affect displacement, then it is possible to compute several W
that produces the same displacement values at the end effector. A
cost function is defined as follows:

m n -1
E=) ¢'Le, and, &= <Z K,~> FOP — AX®™P (11)
1 i=1

where e is the error vector, E is a scalar cost function computed
for m many measurements, and L is the error weighting matrix.
The superscript exp denotes that the data are experimentally
obtained. L can be chosen as an identity matrix or can be adjusted
to increase the error cost of a certain part of the stiffness matrix.
For stiff manipulators, small disturbances or measurement errors
in compliant displacements may generate extreme forces when
they are multiplied with the stiffness matrix. To avoid this, we
have multiplied the inverse of stiffness with the force vector. This
makes the cost function more robust to measurement errors.

Next, the number of factors of the weighting matrix, W, is
determined. There are three different links each having a 6 X 6
stiffness matrix. Therefore, there exist 18 variables for a diagonal
W. The first stiffness elements of link 1, link 2, and link 3 (given
in the Appendix) correspond to tension/compression stiffness and
show relatively high stiffness with respect to the other compo-
nents of the stiffness model. Thus, a weighting factor of 1 is
assigned because this element has no noticeable effect on the
manipulator’s compliance. Second-third and fifth-sixth pair ele-
ments on the diagonals of link 1 and link 3 are the same due to the
hollow tube structure. Therefore, a single weighting variable can
be assigned for each pair. Thus, 11 variables for the diagonal W
are defined in vector form as follows:

W= (LW, W W W3 W [ TWaWs W W Ws | TWoWoW 10 W1 Wi
(12)

This proposed approach reduces significantly the number of
parameters to be identified to 11 parameters while the general
case would have required the identification of 63 parameters con-
sisting of all the entries in the three symmetric link stiffness’. It is
worth noting that such a high number of parameters would be not
suitable for estimation with any model-fitting algorithm unless
there is an accurate initial guess value. Also in such a case, signifi-
cant numerical errors can be foreseen due to the high number of
parameters to be identified. Accordingly, our proposed approach
promises a quicker and more robust parameter estimation with a
minimal experimental dataset.

3.3 Model Fine-Tuning. It is highly possible that model out-
put and experiment data are not fully correlated because the model
is an ideal model that does not consider the irregularities in the
manipulator. However, modeling each irregularity is not practical.
Besides, the stiffness model is constructed on the small displace-
ment assumption meaning that high-compliant deflections cannot
be computed accurately. This is presented in our previous work
[18] in which FEA and VJM deflections are compared and
observed that FEA can compute for larger deflections, unlike
VJM. Also, the precision and accuracy of the measurement devi-
ces are always limited, thus, a perfect fit is not possible. Yet, the
performance of the model can be increased by fine-tuning the
stiffness model’s outputs.

To fine-tune a model, first, the correlation of the experimental
data and model outputs is investigated as shown in Fig. 6 for an
example dataset. y axis indicates the experiment data and x axis
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Fig. 6 Experiment data and stiffness model output correlation

shows the stiffness model outputs. If there is a perfect fit between the
model output and the experiment data, all computed/measured data
should be aligned on a perfect correlation line which has a function
of y=x. It is not possible to modify the experiment data since it is
the ground truth, but the stiffness model output can be processed to
make it more correlated with the experiment data. To achieve this, a
first-degree function, x’ = ax + b, is computed to find a computed
correlation line as shown in the figure. Here, X’ denotes the scaled
compliant deflection, a and b are the scaling factor and bias term,
respectively. This scaling increases the correlation between the
model outputs and experiment data by modifying x to x’. When
RMS error values are computed for the given data in Fig. 6, RMS
errors before and after scaling are 0.634 and 0.513, respectively.

One may wish to fit a higher degree and nonlinear function for
a better result. However, there is a risk of overfitting the model
outputs to the experiment results. To preserve the generality of the
model, this scaling function must be a lower degree function, pref-
erably linear.

4 HISS Case Study

4.1 Experimental Setup. The workspace of HISS is cubic
and symmetric with respect to a diagonal vector of the cube.
Therefore, the manipulator shows the same stiffness behavior at
several locations. 10 critical and unique locations are determined
by the characteristics of the stiffness matrix, i.e., its maximum/
minimum determinant [18]. These points are named as TPI,
TP2,..., TP10. The experiments are conducted at these locations
but three extra measurement points are included as additional
checkpoints for diversity. The locations of these 13 points are
defined in terms of active joint variables in Table 1.

Two experimental setups are described. The first test setup
forces compliant displacements on the manipulator’s MP. Mean-
while, a 6-axis force/torque sensor is used for measuring the
resulting reaction force/torques. Due to the input—output

Table 1 Experiment test points given by active joint values in
degrees, test point (TP)

relationship of this test setup, it is named as displacement/force setup
or shortly D/F. The second test setup is configured to apply force/
torque on the MP of the manipulator. The resulting compliant dis-
placements are measured. Due to the input—output relationship of
this test setup, it is called force/displacement setup, or in short F/D.

4.2 Displacement/Force Experimental Setup. A gantry-
type (GT) manipulator is used in this test setup along with a CMM.
The setup and the HISS haptic device are shown in Fig. 7. The GT
manipulator has three translational DoF. Each axis of the GT
manipulator has a screw-nut system to convert the rotational input
to linear end-effector motion. Thanks to the screw-nut system, the
system is not back drivable and can be controlled manually.

The MP of HISS is coupled with the end effector of the GT
manipulator. The GT manipulator forces the MP of HISS to per-
form compliant displacements. Consequently, reaction forces/
torques occur. The structure of the GT manipulator is designed to
be highly rigid so that required compliant displacements can be
conveniently displayed on the test subject. A 6-axis force/torque
(F/T) sensor is placed in between the MP of HISS and the end
effector of the GT manipulator. This connection is achieved via a
fixture that has three-dimensional printed fixtures as shown in
Fig. 8. The three-dimensional printed components are produced
with the maximum material density for rigidity.

The fixture comprises lower/upper parts, the MP, a 6-axis F/T
sensor, a sensor connection part, and a spherical joint. One end of
the force/torque sensor is attached to the upper part while the
other end is fixed to the sensor connection part via screws with a
torque adjustable screwdriver. In this way, the stress on the sensor
is distributed evenly.

The lower/upper parts wrap the MP of HISS and form a shape-
locked sandwich structure. The tightening screws are added to
ensure the rigidity of the assembly. The lower part contains 15
semicircular holes in which their locations are known with respect
to the MP frame. The holes are used as measurement locations for

Fig. 7 Displacement/force experimental setup

pherical Joint|# ‘
Screw

TP P11 P21 ?31 TP P11 P21 P31
TP1 -30 -30 -30 TP8 +30 -30 +30
TP2 0 0 0 TP9 +30 -30 +30
TP3 +30 +30 +30 TP10 0 -30 +30
TP4 0 0 +30 TP11 -30 0 +30
TP5 0 0 -30 TP12 -30 0 0
TP6 0 +30 +30 TP13 =30 30 0
TP7 0 -30 -30
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Fig. 8 Displacement/force setup fixtures

MARCH 2021, Vol. 15 / 011110-5

POW/Z0SZ€99/0L L | | 0/L/G L/1pd-0]o1LIe/S801A8p|EvIpaL/BI0"aLUSE" UOIO8] 00N BIpaWSE)/:dRY WOl papeojumod

0 10 GL0 |

220z Aey €1 uo Jasn nsnipsu3 Hlojouxal yesynA nwz| Aq jpd-oLLLL



CMM’s probe and their diameters are compatible with the probe
diameter of the CMM. These measurement points are not always
reachable for some test point poses due to the HISS-CMM colli-
sion. Redundancy in reference points helps us to perform the
measurements at all test poses (TPs) of HISS. At each test pose of
HISS, when three different hole locations are measured, they form
a circle and a plane in space. The center of the circle and the ori-
entation of the plane provide the necessary and sufficient informa-
tion to determine the MP’s translational and rotational deflections.

The sensor connection part is mounted on the end effector of
the GT manipulator via a spherical joint. This spherical joint com-
pensates for the angular misalignment between the manipulators.
Therefore, there is no internal stress generated as a result of the
HISS-GT manipulator assembly.

The benefit of such an experimental setup is that the desired
compliant displacements can be exactly displayed on the test sub-
ject. The best assembly mode is when the motion axes of HISS-
GT manipulator pair align. However, this alignment is not achiev-
able for our manipulators due to the collisions of HISS and GT
structures. Therefore, generating displacement along a decoupled
motion axis of the HISS is difficult. Besides, rotational compliant
displacements always occur since the fixture connection forms a
moment arm. Also, it is possible to observe no reaction force/
torque for a small deflection region, especially during the transition
from negative motion direction to the positive motion direction of
HISS motion axes. Nonetheless, we did not observe any significant
dead-region effect caused by joint clearances. Consequently, the
proposed test setup is foreseen to introduce complexities during the
acquisition and processing of the experimental data.

The steps of the test procedure are as follows:

(1) Release the brakes of the active joints of the HISS.

(2) Position the MP at a test point via driving the GT
manipulator.

(3) Reset the 6-axis F/T sensor (remove bias offset).

(4) Lock the active joint shafts of HISS without introducing
any reaction force/torque.

(5) Use the CMM to measure the position MP by using three
measurement holes on the lower fixture.

(6) Move the system via driving the GT manipulator to result
in the desired compliant displacements on the HISS.

(7) Use CMM to measure the new position of the MP through
the same measurement holes and record the force sensor
readings.

In this experimental procedure, all of the TPs of the HISS in
Table 1 are used. In each TP, five different compliant displace-
ments are induced to HISS via the GT manipulator. The compliant
displacements are given such that the resulting force/torque is dif-
ferent in magnitude and direction in each TP, and also, F/T sensor
readings are below 10N for forces and 0.5 N-m for torques not to
damage the HISS manipulator. Including the zero-displacement
state, a total of six measurements are performed for each TP;
hence, 78 measurement results are acquired in total. However,
compliant displacements are computed with respect to the zero-
displacement state; hence, five compliant displacement data are
computed for each TP resulting in 65 data in total.

4.3 Experimental Setup 2: F/D. F/D test setup addresses the
problems of the D/F setup with a conventional approach. The
experimental setup is presented in Fig. 9. In this setup, the HISS
manipulator’s base frame is reoriented to align the diagonal vector
of the MP’s frame and the gravity vector. An extension platform,
named as the mass platform, is attached to the MP to house the cali-
brated masses. In between, there is a 6-axis F/T sensor. The mass
platform has three sockets for the masses. The socket in the middle
is used to display forces. The other two sockets are placed at known
distances to generate a moment about the origin of the MP’s frame.

In this test setup, the weights of the links are equally distributed
among the limbs due to this orientation. Also, calibrated mass

011110-6 / Vol. 15, MARCH 2021
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Fig. 9 Force/displacement experimental setup

weights are applied along the negative direction of the diagonal
axis of the MP frame to minimize the joint clearance effect. Due
to the collision issues of CMM and HISS, new measurement holes
are placed on the last revolute joints of the limbs and they are
coincident with the axes of the MP. A drawback of the setup is
that the probe of the CMM must touch to the measurement points.
This may exert additional forces and may cause compliant dis-
placement. Hence, the measurements must be carefully taken.
The steps of the test procedure are given as follows:

(1) Position the MP to a test pose

(2) Reset the 6-axis F/T sensor (remove bias offset)

(3) Lock the active joint shafts

(4) Use CMM for position measurements of MP

(5) Apply external force/torque by placing the calibrated
masses on the mass platform

(6) Use CMM to measure the deflected position of the MP
through the same measurement holes

In the experiments carried out with the setup, the first 10 TPs in
Table 1 is used. In each TP, measurements are carried out in three
different loading conditions. In the first two conditions, 0.5 kg and
1 kg masses are placed on the middle socket to avoid any external

Table2 Weight parameters of model fitting

D/F F/D D/F+F/D

w Fit Variance Fit Variance Fit Variance

W, 0.884 0.197 0.003 0.000 2.123 113.2
W, 0.038 0.000 0.052 0.000 3.650 2.450
W3 0.941 0.030 3.954 2.056 6.467 2723
Wy 0.991 0.000 0.947 0.015 1.029 6.117
Ws 0.866 0.009 3.457 3.786 0.004 0.000
We 0.258 0.003 19.46 71.27 0.165 0.000
W5 0.977 0.226 0.021 0.000 1.534 59.04
Wy 0.978 0.000 1.139 0.247 0.994 33.93
Wo 0.054 0.001 55.50 916.5 0.043 0.000
Wi 0.020 0.000 0.035 0.000 0.034 0.000
Wi 0.125 0.148 0.074 0.000 0.066 0.000
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Fig. 10 Top 15 largest and smallest fine-tuned model errors

moments. In the third condition, 0.5 kg mass is placed on one of
the side sockets to generate external moments along with the
external force. Including the no-added-mass condition, four meas-
urements are carried out for each TP. 30 experiment data are
obtained when the compliant displacements are computed with
respect to the no-added-mass condition.

5 Stiffness Model Fitting and Fine-Tuning

5.1 Computed Weights for Model Parameters. Experimen-
tal data are used to compute the weight matrix W by a fitting algo-
rithm. Each dataset is investigated separately and also, together.
Thus, three fitting computations are conducted for D/F, F/D, and

Journal of Medical Devices

D/F + F/D (combined). fminimax command in MATLAB is adopted
to minimize the cost function. Several model fitting runs are con-
ducted. Some weight coefficients are converged to a specific con-
stant while the other ones resulted in different values in each run.
This indicates that converged values play an important role in the
stiffness model. The top five best fitting W determined from D/F,
F/D, and D/F + F/D model fitting computations. Then, the var-
iance between the parameters is investigated to determine the
insignificant parameters. A set of weight parameters and the var-
iances are shown in Table 2. The weight with a greater variance
than 0.1 is considered as insignificant.

As shown in Table 2, W1, W7, and Wy, have the high variance
for D/F fitting. On the other hand, the largest variances are
observed on W3, Ws, W¢, Wy, and Wo parameters for F/D fitting.
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Table 3 Correction function parameters for A'=aA+b

D/F F/D F/D + D/F

a b a b a b
A 0.883 0.017 0.956 0.037 0.784 —0.125
A, 0.970 —0.369 1.086 —0.131 0.885 —0.346
A. 0.863 0.014 1.396 0.625 0.778 0.011
A, 0.914 0.328 0.348 0.157 0.627 0.185
Ag 1.102 —0.190 1.219 —0.296 0.801 —0.287
A, 0.978 —0.111 2.085 —0.153 0.857 —0.155
\A\Xy_, 0.992 0.170 0.909 0.315 0.982 0.236
\A\xﬁy 0.935 0.322 1.087 0.160 1.020 0.260

The numerical values of variances for the F/D fit are far greater
than the D/F fit. In the D/F experiment, it was possible to obtain
resulting forces/moments in all 6DoF. A torsional load along the
diagonal vector of the MP frame is the only load type that is not
generated. The F/D setup has a single direction force and moment
loading. Also, the weight of the links is relatively equally distrib-
uted on all bodies. Thus, the F/D experiment has a limited loading
diversity. Therefore, links did not experience some forces/
moments types. As a result, the weight parameters corresponding
to the stiffness of those frames have no role in scaling the stiffness
value, and their variance is high.

The computed weights show higher variance in Wy, W,, W,
W4, W4, and Wg. Due to different test conditions of HISS, it is
hard to find a correlation for the fitting algorithm between D/F
and F/D results. The contact force of CMM’s probe may change
the applied load condition in the F/D setup. Hence, the model fit-
ting algorithm struggles to converge the parameters to a constant,
and the fitting algorithm prefers to focus on modifying the last
links of a serial chain. A change in the stiffness of this link
directly affects the compliance without any consideration of kine-
matics since it is closer to the MP. The fitting algorithm increases
the stiffness of the first two links and tries to solve the problem by
modifying the last links and suppresses the kinematic relations.

5.2 Stiffness Model Fitting and Fine-Tuning. Figure 10
shows the top 15 largest and smallest errors for the norms of trans-
lational and rotational deflections between fine-tuned model out-
puts. The results are sorted with respect to measurement data in
ascending order to easily observe the performance of the model
and fine-tuning operation. The error data are computed by sub-
tracting the experiment data from the fitted model and fine-tuned
model.

Two levels of the fine-tuning processes are conducted. First,
directional deflections and rotations are fine-tuned individually.
Then, the norms of fine-tuned translational and rotational deflec-
tions are computed. Second, correction functions are acquired for
the computed norm data. Linear correction functions are adopted

for fine-tuning. The parameters of correction functions and their
performance are given in Tables 3 and 4, respectively.

The translational stiffness performance of the models is investi-
gated for all three types of data sets. In the top 15 largest transla-
tion errors for D/F results, the error ranges between ~=*1 mm for
both fitted and fine-tuned models. Similar behavior is also
observed in F/D fitting results, but the error increases up to 2 mm
for the combined dataset of D/F + F/D. Among all 15 errors, TP4
is observed four times in the largest error family of D/F results.
Three occurrences of TP9 and TP10 are recorded for the same
error family of F/D. The combined dataset results to have four
occurrences of TP4 and TPS.

The larger dataset of combined data should provide a better
model due to diversity and a high number of data. However, maxi-
mum error, RMS error, standard deviation, and absolute mean
(AM) error of the combined dataset are higher compared to D/F
and F/D results. Since the test conditions of the manipulator are
different in both D/F and F/D experiments, there is less correlation
between the experiments. Thus, combined data adversely affect
the fitting algorithm.

The mean error of the top 15 smallest translational errors is
Omm and there is no noticeable variance for fine-tuned model
results. With four occurrences, TP3 is the best performing test
point in D/F results. Three occurrences of TP3, TP6, and again,
four occurrences of TP3 are observed among the smallest transla-
tional error of F/D and D/F + F/D results, respectively.

Although TP3 is the most compliant pose of the HISS manipu-
lator, it produces the minimum errors. There are three main rea-
sons for this outcome. First, TP3 is a fully isotropic pose in terms
of stiffness behavior. Second, the precision of the CMM is less
important when the measurements are large. Third, model fitting
and fine-tuning algorithms mainly focus on larger deflections to
decrease the error since the large deflections are more sensitive to
model parameters. As a result, the top 15 largest deflection errors
are observed up to 4.5 mm MP deflection range while the smallest
errors can be computed up to 6 mm deflections.

When the top 15 largest rotational errors of all types of data
sets are considered, both the model fitting and the fine-tuning fail
to follow the increasing trend of the measurements. The rotational
errors range between ~=* 1 deg, however, measurements can reach
up to 2 deg rotations. Interestingly, the largest rotational errors of
the fine-tuned model are observed when the measurement is
closed to Odeg and the fitted model produces less error. Fine-
tuning decreases the error in large rotational deflection regions
since the correction function mostly shifts upward the results.
This effect is more apparent in the top 15 smallest rotational error
plots of D/F and F/D. Fine-tuning increases the model perform-
ance and decreases RMS error, the standard deviation of the error,
and absolute mean error for D/F and F/D. Fine-tuning in the com-
bined dataset has no significant contribution. RMS error and
standard deviation remain roughly the same and the mean error
still decreased to 0, but the absolute mean error increased.

Table 4 Statistic evaluations of the models, root mean squared (RMS), standard deviation (Std), mean (M), absolute mean (AM)

D/F F/D F/D 4+ D/F

Fitted model Fine-tuned model Fitted model Fine-tuned model Fitted model Fine-tuned model

RMS Std M AM RMS Std M AM RMS Std M AM RMS Std M AM RMS Std M AM RMS Std M AM

A, 0.64 0.65 —0.04 042 0.61 0.62 0 0.39 041 041 —0.09 0.30 040 041 0 030 0.74 0.74 0.04 0.50 0.65 0.66 0 0.45
A, 0.63 0.52 0.37 049 0.51 052 0 041 0.60 0.57 0.21 047 0.56 0.57 0 045 0.71 0.64 0.31 055 0.62 0.62 0 047
A. 0.43 043 —0.03 0.31 0.38 0.38 0 0.28 049 043 —0.25 0.37 0.39 039 0 0.31 059 0.59 —0.09 044 0.49 050 0 0.38
A, 0.59 0.49 —0.33 044 049 049 0 035 0.38 0.37 —0.12 0.30 0.35 035 0 0.26 0.54 0.52 —0.16 0.41 048 048 0 0.37
Ag 0.56 0.53 0.19 044 0.52 0.53 0 045 0.50 042 0.27 040 041 042 0 036 0.62 054 0.32 051 052 052 0 045
A, 043 042 0.11 033 041 042 0 031 0.38 037 0.08 0.25 0.32 033 0 023 048 044 0.19 037 043 043 0 0.32
\A\w 045 045 0.04 036 035 0.35 0 027 045 044 —0.13 0.33 041 042 0 032 064 0.63 0.12 0.51 050 050 0 0.38
A s, 047 037 —0.30 039 033 034 0 027 053 040 —0.35 041 040 041 0 032 042 041 —0.08 032 041 041 0 033

o

=
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6 Discussion and Conclusion

In this study, a methodology for stiffness model fitting to the
experimental data and a fine-tuning are proposed. HISS haptic
device is investigated as a master controller of surgical robots.
Two experiment setups are introduced. In the first setup, six
degrees-of-freedom compliant displacements are applied on the
mobile platform of the HISS and the reaction loads are captured.
This setup lacks capturing contribution of the link weights on
compliance and possible joint clearances. In the second test setup,
single-axis loads are applied to address the problems of the first
one. However, applied load types are very limited with respect to
the first test setup and the contact force of CMM’s probe affects
the measurements. The model fitting procedure scales the stiff-
ness of the links to comply with the experiment data while a lin-
ear correction function modifies the model outputs for fine-
tuning.

When the first and the second test setup results are separately
used in model fitting, the translational deflection outputs of the
model capture the general nonlinear stiffness behavior of the
experiment. The stiffness model fitted to the first experiment
results performs better since a larger dataset is used. It is hard to
predict the outputs of the stiffness model of the second

Appendix: Stiffness Matrices of the Links

experiment when a different type of load is applied because of the
limited load types. When all experiment data are combined for
model fitting, the overall performance of the stiffness model is
reduced. Therefore, it is better to use the same experimental setup
and apply different kinds of load/displacement conditions.
Finally, the results obtained for the rotational deflections are not
as accurate as the ones received for the translational deflection
results. This problem can be solved by considering separately
translational and rotational deflections.
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