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ABSTRACT This paper presents a methodology and generalized motion framework for quantifying passive
biomechanical stability and Range of Motion of human cadaveric specimens, using a position-controlled
industrial robot and a wrist-mounted force/torque sensor. Many biomechanical studies on diarthrodial
joints using human cadaveric specimens are published in the literature, using various test protocols and
machines to apply the loading conditions. In these studies, laxity or mobility of the joints are quantified
by measuring the magnitude of translations and rotations with respect to force and torque. The protocols
and anatomical motions of the specimens are usually described high-level, textually, and from a medical
perspective to a broad audience. The present paper aims to describe, from a technical perspective to a robotics
audience, our method to perform biomechanical studies and how existing protocols can be replicated through
parameterization using the existing textual descriptions. To accomplish this, we propose a generalized task
space motion framework for performing biomechanical studies on diarthrodial joints. The generalization is
made by defining the robot Tool Center Point at the cadaveric joint rotation center and aligning the specimen
so the anatomical motions can be modeled in world frame or tool frame. The framework was successfully
evaluated in a technical pilot study on the shoulder, using one cadaveric shoulder specimen and an established
protocol from the literature. The specimen was tested in the intact state and in an injury state, with increased
passive instability observed for the injury state compared to intact state.

INDEX TERMS Biomechanics, force control, gradient methods, medical robotics, orthopedic procedures,
robotics and automation, robot kinematics, robot motion, shoulder, torque control.

I. INTRODUCTION
Industrial robots are versatile machines that can be adapted
to many different processes. Despite their name, they have
The associate editor coordinating the review of this manuscript and long been used for non-industrial purposes in healthcare,
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biomechanics. Such applications can be post-mortem tissue
collection [1] or biopsy [2], osteoporotic hip augmenta-
tion [3], assistance in laparoscopic hysterectomy [4], or auto-
mated robotic ultrasound imaging [5]. In these applications,
the robots assist surgeons with their high durability, precision
and accuracy. A related use in the field is robot-assisted
surgical research, where robots perform biomechanical tests
on human cadaveric specimens [6]. Here, the robots replicate
in cadavers one or multiple anatomical motions to measure
the joint Range of Motion (ROM), or the robot can apply a
force and measure the resulting linear translation. These tests
on cadavers can be used to measure the laxity or mobility of
the joint, which the robots can perform with better accuracy
and better measurements than a surgeon can achieve by hand.
Typical objectives in cadaveric biomechanical studies are
to study the effect of injury [7], the function of soft tissue
structures [8], or the effect of surgical procedures [9].

Many types of machines and robotic devices have been
used in cadaveric studies of joint biomechanics. Among these
are Stewart platforms [10], cartesian robots [11], material
testing machines [12], custom built machines [13] and indus-
trial robots [14]. Whereas these studies use different types
of machines to study joint biomechanics, the test protocols
and methodology are independent of the machine. The test
protocols describe the loading conditions and anatomical
positions of the specimens, which can be recreated using any
actuating device.

A. RELATED WORK

Fujie et al. [15] appears to be the first to describe a
cadaveric biomechanical study using an industrial robot.
They described the methodology for studies on the knee,
and the mathematical modeling for the loading conditions
in their biomechanical tests. They later published a thorough
mathematical description for the control and kinematics [16].
This method was expanded by Rudy et al. [17] in a technical
note on how to determine forces in a specific ligament in
the knee, where they presented a textual description of the
kinematics, motion planning and control strategy of the robot.
Gilbertson et al. [18] describe a high-level algorithm called
PathSEEK for hybrid load-displacement control on human
cadaveric spines, based on the work of Fujie et al., where
they describe the PathSEEK algorithm visually with textual
descriptions of each step.

In the period following these publications, the published
cadaveric biomechanical studies appear to be mostly medi-
cally focused, until Martinez [19]. He published his thesis on
the development of a system for direct robot force control
and demonstrated it on the spine. In order to implement
direct force control, he modified the robot controller stack and
introduced a third-party solution to allow robot joint torque
control by increasing the controller cycle rate to 500 Hz. This
approach to force control of a position-controlled industrial
robot is similar to the approach of Wang et al. [5], which pro-
posed a framework for automated robotic ultrasound imaging.
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However, their robot controller had a vendor-provided
interface to alter robot joint velocities at 500 Hz.

Since Martinez, more recent technical publications on
industrial robots in biomechanics research describe other
aspects of the studies, such as accuracy [20], [21], or choice
of coordinate systems and approximation of reference
frames [22], [23]. Rychlik et al. [24] describe a calibration
procedure for estimating the Center of Rotation (COR) of
human cadaveric hips, which is applicable to other types of
joints.

Hurschler et al. [25] seems to be the first to describe
a setup that used an industrial robot and force/torque
sensor (FTS) to perform biomechanical tests specifically
on the glenohumeral (shoulder) joint. The software and
development of their system was described in a habilitation
thesis by Hurschler [26], which is not published but was
kindly shared with us. This setup was used in several
subsequent medical studies on the shoulder, for example as
conducted by Wellmann et al. [7] and Schréter et al. [27].
Their protocols varied slightly between studies, but they
generally measured glenohumeral stability in the anterior,
inferior and anteroinferior directions, as well as external
rotation ROM. Recently, their protocol was used to evaluate
a novel surgical technique to stabilize the shoulder, described
by Klungsgyr et al. [6] and Vagstad et al. [9]. Similar
biomechanical studies have been described for the spine [28],
hip [22] and knee [29].

There are many published studies on human joint biome-
chanics using industrial robots. Their use and results are
widespread and well documented. However, the technical
publications on modeling and control of robots and the
specimens to conduct these studies appear to be scarce.
Additionally, the technical publications we found on this
topic seem to focus on individual cadaveric joint types.
Lastly, institutions that facilitates such biomechanical studies,
regardless of machine or actuator, seems to either develop
their own closed mathematical models and software [6], [22],
or use the proprietary and closed source software package
called simVITRO®) [30]. simVITRO®) [31] was designed
to perform in vitro cadaveric biomechanical studies, and
serves both as a middleware and a higher level motion planner
for biomechanical studies. The system allows to parameterize
protocols and the load profile for the tests and motions.

B. PRESENT STUDY

Goldsmith et al. [20] pointed out that minor differences
in the biomechanical test protocol or methodology can
produce vastly different results. As such, we argue that
the mathematical models for the protocols and actuation
must be open and completely described for results to be
comparable between studies and institutions. We propose
a concise and generalized mathematical description of the
kinematics and motion planning, with associated algorithms,
as a framework for how to use an industrial robot to
perform cadaveric biomechanical studies. Most published
biomechanical studies involving industrial robots appears
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to be aimed at a very broad audience, and the technical
details must be understood by a non-technical audience.
Here, we describe for an automation and robotics audience
our approach for modeling these biomechanical studies, and
how to use our framework to parameterize new or existing
biomechanical test protocols. We formulate the mathematics
from an algorithmic perspective, with the aim of easy
implementation in software, on both new and old robots,
without introducing third party solutions or potentially
voiding the warranty by modifying the robot controller stack.
Our resulting framework is generalized in the sense that it
allows one implementation to perform many types of studies
based on a set of predefined parameters and algorithms,
without altering the underlying control strategy. In future
work we will exemplify and describe the generalizability of
the framework to other joints. We have partially demonstrated
the generalizability of the framework through our medical
study on the ankle [32], which utilized our methodology
and framework proposed in this paper. The parameterization
for the ankle is the topic in a future technical publication
currently being drafted.

C. CONTRIBUTION

The method and framework were developed based on
our interpretations of the textual descriptions of published
biomechanical studies. The contribution of this paper is
twofold; (i) a complete and open mathematical framework for
parameterizing new or existing biomechanical test protocols,
and (ii) the mathematical description and parameterization
(replication) of a published biomechanical test protocol for
the shoulder. We demonstrate our methodology in (i) using
the test protocol in (ii).

D. MOTIVATION

The motivation behind our work was to establish a laboratory
to conduct these types of cadaveric biomechanical studies in
Norway, and to quickly be able to replicate existing biome-
chanical studies or test protocols. Additionally, we wish to
thoroughly describe our methodology and framework for
conducting biomechanical studies, ensuring transparency and
facilitating the replicability of our subsequent medically
focused studies.

E. STRUCTURE OF THE ARTICLE

Section II provides an overview of the methods and resources
used in the present study. Section III describes the modeling
approach and the formulation of the cartesian motion
framework. Section IV describes how we parameterize the
framework for our pilot study. Section V presents the results
of the pilot study and a discussion of our chosen strategy. Our
concluding remarks are presented in Section VI.

Il. MATERIALS AND METHOD

A. MATHEMATICAL NOTATION AND BACKGROUND

Matrix types are denoted using a capital letter whereas
vectors are denoted in bold lower-case letters, such as r. The
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exceptions are vectors representing force (F € R?) or torque
(T € R?). Vector components are indexed and in lower-case
but not bolded, for example & = [£1 %2 )?3]T. Normal vectors
are denoted by a hat, such as x, whereas estimated values
are denoted by a wide hat, such as 7 or m. Parameters of
the proposed motion framework are denoted with a left-side
superscript p, for example ”6,,, whereas a left-side superscript
s denote parameters related to the parameterization of the
shoulder protocol, for example ’f; . See Table 1 at the end of
section III for a summary of all framework parameters.

Asterisks in parameters or variables are used to denote
that a value has been re-calculated or re-sampled. This has
been used in two situations. The first when a variable was
re-calculated during the same iteration of the algorithm. The
second when distinguishing between values of a variable used
in motion planning, and the measured value after executing
the motion plan. For example, moving to an angle 6; about
an axis was planned, but during torque control the robot only
reached the angle 6;".

Homogeneous transformation matrices were used to repre-
sent frames of reference or poses, and rotation matrices were
used to represent rotations or orientations. Axis-angle pairs
were used to intuitively describe rotations of the specimen.
These pairs were converted to rotation matrices [33] which
were used to compute target orientations. The rotation
matrices for the initial and target orientations were converted
to unit quaternions [33], and Spherical Linear Interpolation
(SLERP) [34] was used to generate angular trajectories. The
rest of this section provides a summary of the mathematical
background. Angles are specified in degrees in this paper, but
any calculations involving angles must use radians.

Let (®, 0) be an axis-angle pair, where @ € R3 is the unit
vector representing axis of rotation, and 6 € R is the angle to
rotate about @. The conversion of the axis-angle rotation to
matrix form is expressed as shown in (1), where s = sin(9),
¢ = cos(8),d = (1 —cos(6)) and & = [&1 @n @s]".

(?)fd +c  D1d — 35 O103d + DS
R(®,0) = | @1wrd + @35 (f)%d +c  wzd — d1s
w1w3d — w5 rwsd + d1s é)gd +c
(D
The unit quaternion representation, ¢ € R*, can be

constructed from the axis-angle pair or rotation matrix as
shown in (2) and (3).

1 0
90=§\/1+R11+R22+R33=COS 3 )

q1 1 | B2 — R 9
D= - Ri3 — R31 | = @sin (5) (3)
q3 9 | Ryy — Rin

These values form the vector representation of a unit
quaternion, ¢ = [q0 91 ¢2 q3]T. Conversion to a rotation
matrix, R € SO(3), is shown in (4), at the bottom of the next
page. The interpolation between orientations a and b by using
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FIGURE 1. Two different angular paths from ¢, to ¢5. Equations (5)-(6)
ensures that the angular path from SLERP yields the shortest path on the
geodesic, as shown in the bottom path. Using only the first case in (5), for
all 44 and gp, can produce an undesired angular path that does not follow
the shortest path on the geodesic, as shown in the top path.

SLERP on the unit quaternion representations is shown in (5).

S(s — Dg, + S(s)qp
S(1 —9)q, + S(s)q,

) (qaa qb) < O
, otherwise

5@y 41, 9) = [

&)

Here, 0 < s < 1 is the interpolation parameter, S(-) calculates
the contribution from each endpoint during interpolation
as shown in (6), and 6 is the geodesic angle between ¢,
and g,,. This angle can be reused from the axis-angle pair,
or calculated as shown in (7) [35], where (-) denotes dot
product.

sin(pH)
S(p) = —

sin(6)

The interpolated orientation from S when s = 0 yields the

initial orientation a, s = 1 the target orientation b, and s =

0.5 an orientation half-way on the geodesic. An example path
using these equations for angular paths is shown in Fig. 1.

0 =cos™ (2:(qq qp)* — 1) 7

(6)

B. SOFTWARE AND HARDWARE

A KUKA KR 6 R900 sixx robot and a KUKA KR C4
controller were used in the present study. Kinematics was
solved by Trac-IK from Traclabs [36] and motions were
generated by an external computer based on the presented
framework. Communication between the computer and
controller was performed at 250 Hz via the KUKA Robot
Sensor Interface. Force and torque were measured using an
ATI Gamma FTS. The FTS was calibrated following the
process described by Vougioukas [37], and the measurement
bias and effects of gravity were subtracted from the FTS
measurements.

Visualization of robot motions in Gazebo, as demonstrated
in Fig. 4, was used to verify kinematics, reference frame
orientations, and modeling of anatomical motions prior to
physical testing on specimens. ROS launch files and 3D

¢«

w

(a) (b)

FIGURE 2. Specimen mounting. (a) Cylinder for the humerus.

(b) End-effector adapter. The humerus is potted into the cylinder shown
in (a), and is attached to the robot by sliding the cylinder into the adapter
shown in (b).

models from the KUKA experimental package' were used to
set up the Gazebo simulation of the robot, combined with 3D
models of the humerus® and scapula® from UNCG Imaging
Lab (under the CC BY 4.0 license®).

A fresh frozen cadaveric shoulder specimen without prior
injury or surgery was used in the pilot study of the presented
framework and protocol. The specimen was thawed for up
to 24 hours before being mounted in the test rig. Surgeons
performed an osteotomy so that the humerus could be
potted in a metal cylinder using a three-component casting
resin [38]. The cylinder is shown in Fig. 2. The shoulder
specimen was attached to the robot by an end-effector tool
adapter inspired by Krimer et al. [38], as shown in Fig. 2b.

The Regional Committees for Medical and Health
Research Ethics in Norway approved Vagstad et al. (ref. 2018/
2023/REK sgr-gst) to use human cadaveric shoulder speci-
mens in biomechanical studies involving robots. The present
study underpins this research project and is part of the same
approval.

C. BIOMECHANICAL TEST PROTOCOL

This section provides a summary of the biomechanical test
protocol used by Vagstad et al. [9], which we aim to replicate
by parameterizing our proposed framework. Vagstad et al.
evaluated passive biomechanical stability in four different
poses of the glenohumeral joint: (i) anatomically neutral,
(i) 60° external rotation, (iii) 60° abduction, and lastly
in (iv) 60° abduction and 60° external rotation. In each
pose, translation tests were performed in three directions:
(i) anterior, (ii) inferior, and (iii) anteroinferior. External
rotation ROM tests were performed in 0° abduction and
60° abduction. A 30 N medially oriented force was applied
initially to center the humeral head in the glenoid. Then,
the translation tests were performed by maintaining the
medially oriented force and simultaneously applying 30N

1 https://github.com/ros-industrial/kuka_experimental
2https://skfb.ly/M9SZ

3hitps://skfb.ly/MusD
4https://creativecommons.0rg/1icenses/by/4.0/

G+a -5 -3 2919 — q0q3)
2Aq0p3+0142) @—a1+5— 4 22(q2q23 — o) @
2(qoq1 + 9293) 95— 497 — 95 + 43

R(g) =
2(q193 — q092)

29400

2(q092 + 91493)
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in the test direction. The referenced protocol constrained
motion during translation testing to the medial-lateral axis
and test direction. In other words, two of the translation
tests (inferior and anterior) required only motion along two
axes each. Consequentially for their study, the linear position
along the last axis was constant and any arising forces were
ignored in that dimension. (We added an emergency stop
criteria to our software implementation of the framework to
prevent specimen damage, effectively stopping the robot and
protocol execution if arising forces or torques got too high
compared to the desired force.) The third type of translation
test (anteroinferior) required motion along all axes. Lastly,
external rotation ROM tests were performed by rotating about
the humeral shaft until 2 Nm was achieved.

lll. MOTION FRAMEWORK

Our proposed motion framework consists of six parts. The
first is (A) the definition of the involved reference frames.
The second is (B) the compensation of gravity. The third
is (C) the formulation of an implicit force control (force
guidance) strategy for linear motions using gradient descent.
Force guidance is used to ensure correct cadaveric joint
position and to carry out translation tests. The fourth is (D)
the angular motions generated using SLERP, and the torque
monitoring of these motions for rotation tests and anatomical
movement of the specimen. The fifth is (E) a strategy for
returning the cadaveric joint to the initial position after force
guided motions, by recording and reversing the full path of the
motions. Lastly, the sixth is (F) the algorithmic description of
the iterations and calculations, using the presented equations.
See Table 1 at the end of this section for a summary of the
parameters and variables of the framework.

A. REFERENCE FRAMES
The framework requires that the robot end coordinate system,
or Tool Center Point (TCP), is located in the COR of the
cadaveric joint. For the glenohumeral joint, this is the rotation
center of the humeral head. The specimen was mounted so
that the anatomically neutral position matched the identity
orientation of the TCP, which aligned the anatomical axes and
cadaver frame axes with the world frame axes as illustrated
in Fig. 3. Then, tests and anatomical motions of the specimen
could be modeled as linear and angular motions of the TCP.
The origin in world frame was defined to be in the center
of the base of the robot, from which four additional frames
in the framework were defined. These frames were fixed to
the flange, sensor, adapter, and cadaver, respectively. The
transformation matrices used to denote these frames are
T,y € SE(3) from the world frame {w} to the flange frame
{f}, Iy, € SE(3) from {f} to the sensor frame {s}, then the
two parameterizable frames "Ty, € SE(3) from {s} to the
adapter frame {a}, and T, € SE(3) from {a} to the cadaver
frame {c}. The latter two are considered parameters in the
framework, as the tool might change with the type of joint,
and the cadaver frame changes with each specimen.

VOLUME 12, 2024

Abduction

Extension

FIGURE 3. Axes of TCP rotation to replicate the anatomical motions of a
right-sided shoulder. The cartesian system is in the cadaver reference
frame {c} (robot TCP), with origin located in the humeral head COR.

In neutral pose of the shoulder, the cadaver frame axes are parallel with
the axes of the world frame, {w). The cartesian and anatomical axes are
identical for a left sided-shoulder, except that the anterior-posterior axis
is reversed (although, the y-axis remains unchanged).

Forward kinematics was used to calculate T, based on
the robot joint configuration, whereas Ty, changes with the
FTS. The transformation from the flange frame to the sensor
frame is shown in (8). Our sensor was rotated 45° about the
flange z-axis due to the layout of custom machined holes of
the sensor mounting plate. This was compensated for to align
the sensor identity orientation (when R, = [3x3) with the
world frame.

0
| RG.45) 0

s = 0.033 ®)
00 0 1

The structure of the transformation from {s} to {a} for the
tool shown in Fig. 2b is given in (9). The offset and orientation
of {a} was modeled to ensure the identity orientation of the
adapter coincided with the anatomically neutral position of
the shoulder. Expressed in the sensor frame {s}, this matrix is
stated in (9).

0.044
RG, £90°) 0
p —
Tsa = 0.0335 ©)
00 0 1

As seen in the equation, the transformation can take two
forms, positive or negative rotation about the z-axis. This
was to specify different different poses of the adapter for
right-sided and left-sided shoulders in the identity orientation.
This was necessary due to the robot mobility and having
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FIGURE 4. Visualizations from Gazebo showing the poses of the robot
during abduction and external rotation of a right-sided shoulder.

(a) Initial position. (b) 45° external rotation. (c) 90° external rotation.
(d) 60° glenohumeral abduction. (e) 60° glenohumeral abduction and 90°
external rotation. (f) 60° glenohumeral abduction and 90° external
rotation. Relative to (a), (d) shows the rotation for 60° glenohumeral
abduction. For a left-sided shoulder, the robot wrist should point out of
the page in (a) and (d). Attaching the robot in a pose similar to (c) as a
generalization for both right-sided and left-sided specimens would not
work, as the robot would not have sufficient ROM for highly mobile
specimens to perform the necessary external rotation ROM tests. Notice
that joint 4 is rotated close to 180° in (f) compared to (c), which is the
limit for our robot model.

to ensure sufficient ROM of the robot to perform external
rotation, as illustrated in Fig. 4. In the figure, the flange is
pointing into the page, whereas for left-sided shoulders it
would be pointing out of the page.

B. GRAVITY COMPENSATION

Compensation for the mass of the specimen must be
performed when specimens are supported by the robot,
and the overarm rests on the robot in the present shoulder
study. The method described by Vougioukas [37] was used
to estimate the bias in the force/torque measurements,
as well as combined mass and mass center for the sensor
and adapter. This compensation method is based on least
squares estimation using a series of opposite orientations
of the sensor. However, this method cannot be used to
estimate the mass and mass center of the overarm, since
the robot and specimens form a closed kinematic chain with
insufficient ROM to reach the opposite orientations. Instead,
we estimated the mass of the specimen in a single pose and
used statistical values for the mass center [39].

Let F; € R? be the unbiased force measurement and
7, € R the unbiased torque measurement, both expressed in
the sensor frame {s}. The gravity compensated measurements
in world frame {w} can be obtained as stated in (10), where
g, € R3 is the vector of gravity in {w}, m; € R.g the
estimated mass attached to the sensor, and 7y € R> the
estimated center of the mass in {s}. Lastly, R,; € SO(3) is
the sensor orientation.

1 T M Ty x (RL g,

29402

The sensor measurements expressed in {w} can then be
obtained as shown in (11).

Fw| _ | RwsFy

%)= [ ab

Once the specimen was attached to the adapter, the TCP
was manually jogged to a pose where the humeral head
was slightly lateral of the deepest point of the glenoid. This
position was verified by two x-ray images, one with an
anterior perspective and one with a superior perspective. The
specimen mass was estimated in this pose prior to running
the protocol. Let Pmg € R.g be the mass of the sensor and
adapter as estimated from prior calibration, and “m, € Rxg

the mass of the specimen attached to the adapter. Then, the
total mass estimate for gravity compensation is given in (12).

ms = mg +Pm, (12)

Each mass parameter is combined with a mass center
parameter. The mass center for the sensor and adapter,
as estimated from prior calibration, is denoted by “ry €
R and expressed in {s}. Similarly, the cadaver mass center
is denoted by “r, € R? and expressed in {a}. Then, the total
mass center estimate, 7 € R3, expressed in {s}, is given in
(13).

Bl 1 ([ P ’ra P
b e ) o

C. LINEAR MOTION AND FORCE GUIDANCE
Force guidance for linear motion, as described here, refers
to an implicit force control strategy, modelled as a modified
gradient descent [40] search. This was used to ensure correct
joint position and to perform translation tests. The TCP
position, p € R3, was moved iteratively in world frame
in search for the position which minimized the error F e
R between a given force setpoint “F, € R3 and the
measured sensor force F,, € R3. The orientation of the TCP
was constant.

Let Fs be the unbiased and gravity compensated force
measurement in the sensor frame. The force measurement in
world frame, at step ¢, is given in (14).

-7:t:—7:w:Rws]:s (14)

The change in end-effector position between the previous two
steps, measured at ¢, is given in (15),

Ap,_| =Pi—1 —Pi—2 (15)

and the change in force between the previous two steps,
measured at 7, is given in (16).

AFicr=Fi-1—Fi—2 (16)

From these, a Jacobian matrix [41] approximation can be
constructed for change in position with respect to change in
force, as shown in (17). The vectors Ap = [Apl Ap> Ap3]T
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and AF = [AF AR Af3]T are calculated as shown in
(15) and (16), respectively.

Apr Api Apg
AF1 AF, AF;

_ | Ap2 Apy Ap
J(Ap AF) = | 37 3% aF: an

Aps  Aps  Aps
AF, AF, AF3

Lastly, the force error at step ¢ is as shown in (18).

Fi=rF, - F (18)

A basic formulation for force guidance using gradient descent
can be made as shown in (19), where ¢ is the convergence rate
and J;—1 = J(Ap,_, AF-1).

=P+ JiaF (19)

Despite minimizing the force error, notice it appears as an
ascent rather than descent due to the addition of the step
(instead of subtracting). This is because here we formulated
J using position with respect to force. Formulating J using
position with respect to force error can be rewritten to (19).
We used an adaptive convergence rate rather than a
constant. When pushing bone into bone, such as the
humeral head into the glenoid cavity, decreasing increments
in position will result in increasing change in contact
force. The search strategy can lead to divergence (unstable
oscillations and overshoots) which may injure the specimen
if the convergence rate is too big, whereas a too small
convergence rate will increase the duration of the search. The
adaptive convergence rate was calculated by normalizing the
computed step and scaling it by a function of the force error.
The convergence rate is relatively big for large force errors,
and getting smaller as the force error decreases. Here, the
convergence rate should be considered as a constrained step
size of the TCP rather than a unitless constant. Let Pd € R.
be the maximum allowed step size of translations, when the
force error is big. The constrained step size as a function of
force error, ¢ : R3 — R.y, is then computed as shown in
(20), where a € R.g, b € R.g and ¢ € R.( are scalar
constants, and ||-|| is the Euclidean norm of a vector.

rd
a+b-expIFD

;(]—" ) = (20)
Tlle constrained step size, ¢, is equal to Pd/a when
| F]|l is large. As ||F| decreases, so do the allowed step
size as shown in Fig. 5, which shows. Incorporating
this constraint, the guidance equation was modified as
shown in (21), compared to (19). Here, |-| denotes vector
normalization.

P =P, +C(F) W1 Fl 1)

Constraining motion to specific frame axes was necessary
to perform translation tests. This was achieved by using the
Hadamard product of the force error F; and a mask ”h € B3,
in place of the force error in (21). The formulation for linear
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FIGURE 5. Adaptive convergence rate in millimeters as a function of force
error, F. The tuning of force guidance convergence rate was performed
through modifying Pd only, whereas the scalar constants were
unchanged. The values Pd = 0.6, a =1, b = 10, and ¢ = 2 were found
through experimental tuning, using the robot and a shoulder specimen,
aiming for stability and relatively fast convergence. Stability in this regard
means that the force guided search did not oscillate around the optimal
position.

guidance, which incorporates the Hadamard mask, is shown
in (22). Here, © denotes the Hadamard product.

P =P+ im1 - (F OPR) - ¢ (F O h) (22)

As an example, the Hadamard mask ?h = [10 O]T
constrains motion to the x-axis only. Simply setting the force
setpoint to zero in the other dimensions would result in
guidance to the force equilibrium for those axes. Instead,
any arising forces along the nullified axes were ignored,
and the linear position along these axes were kept constant.
The mask also ensures the step size calculated from ¢ is
based on the force error in the active axes only. Constraining
the motion during translation testing to specific axes was
described in the previously published test protocol we aim to
replicate. Ignoring forces along the other axes during force
guidance, using the Hadamard mask, is how we achieve
motion constraints using our proposed guidance strategy.

This calculation was simplified by not utilizing the
partial derivatives in the Jacobian matrix approximation.
Our utilized approach can be considered as one-dimensional
searches occurring simultaneously along the principal axes.
The reason was that this approach converged faster and had
less oscillations. The final form of the search equation is
shown in (23), where @ denotes Hadamard division.

P =P,y +x3 O Jim - (Fr ©PR)| - ¢ (F; ©Ph)
=p,_ 1 +(Ap,_ @ AFi—1) © (F; ©Ph)| - ¢ (F; © Ph)
=p,_1 + Ap, (23)

This calculation was performed iteratively until the error was
below 7, fo € R., and the condition in (24) was true.

IF ©Ph| < 7f, (24)
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D. ANGULAR MOTION AND TORQUE MONITORING
Torque guidance for angular motions is an implicit torque
control strategy. The motion was modelled as rotation of the
TCP about an axis ”®, from orientation « to orientation b. The
path was built using SLERP [34]. This rotation was stopped
when the torque setpoint ”7;, € R3 was reached, or the target
orientation was reached. The full rotation was divided into
intervals, and force guidance was used in between intervals
to equilibrate the arising forces due to rotations about a
roughly estimated COR. Linear position was constant during
rotations.

Torque guidance was used for two purposes. The first was
to measure the magnitude of rotation about an axis until
reaching a given torque setpoint. The second was to monitor
a rotation to a new pose which the specimen was expected
to reach, but in theory could be too tight to reach as joint
mobility vary.

The axis of rotation, “@, was one of the principal axes
X, y or Z in either world frame {w} or cadaver frame {c}.
Additionally, ’® also served as the Hadamard mask for
comparing the measured torque with the desired setpoint. Let
T,, € R3 be the measured torque expressed in the world frame
and 7. € R? expressed in the cadaver frame. Furthermore,
let 7; be the unbiased and gravity compensated torque
measurement in the sensor frame. The torque measurement
at time ¢ was calculated as shown below.

Z:[ZV:RWSTY

e s , world frame (25)
Te =R T

, cadaver frame

Torque arising from force guidance and centering was treated
as a bias during rotation tests. The measured torque prior to
performing the tests, 7,—9 = 7, was stored and subtracted
from subsequent measurements during testing as shown in
(26).

T =TT (26)

Let”6; € R.( be the angular step size for the interpolation,
P9, e Ry the angular distance of the interval, and 7, €
R ¢ the absolute angular distance from the initial orientation
R, about ?&, which is used to calculate R, as shown in (27).

, world frame 27

R(P&, £76,)R,
Ry =
, cadaver frame

R.R(P&>, £76,)

The list of angular steps for interval i is built in (28) based
on the introduced parameters. The number of steps in the
interval is denoted by n; € R., and ®; € R";O denotes the
list.

n,-—l

e ={Jor +j 7o }uie} (28)
j=1

Here, 6; is the planned angular distance from g, after the
interval i, and 6 | is the angle from g,, to the orientation after
the previous interval had stopped. For the first interval, when
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i = 1, then 6;_1 = 6y = 0. The number of orientations in i,
n;, is calculated in (29), where [-] is the ceiling function.

"per - 01'*—1

76
n; = (29)

7]
pes

The last angular step for interval i is calculated as follows.

0 "6,
l' fr—
L+,

The rotation matrices were converted to unit quaternions and
SLERP was used to generate the path, Q; € R**", as shown
in (31).

—‘ , when”0, < 6F  +76,
, otherwise

’ per = Gitl + pga

30
, otherwise (30)

@.
0i =Sy Gy 5—
6,

) &1V

@,‘_ @,’ 6i,nl-
= 5@, a5 7)) SWas @ 757) - SWa b T)]
The algorithm for angular motion has three stop conditions.
The first was simply if the measured angular distance of the
TCP from a was equal to "6, (if 0 = "0, ). The second was
based on exceeding the torque setpoint, when (32) held true.

1”7, el = |77 0 78| (32)

Then, force guided re-centering was performed to equilibrate
any arising forces, and (32) was re-evaluated. If (32) no longer
held true and the path was not completed, a new rotation
interval was computed and rotation resumed.

The measured angular distance of the final few intervals
before converging based on torque was usually significantly
smaller than planned. The third finish condition was added
based on the angular distance of the P ny € R.o most
recent intervals. If the average distance was shorter than
some threshold A6, € R, the rotation was considered
converged. Let A8 € R be the angular distance between
the intervals i and i — 1, as calculated in (33).

AOf =0 — 6 (33)

l
Then, the list of pthe previous angular distances of the

intervals, A®; € R.?

~(» 18 given as follows.

Png
a6 ={Ja0,) (34)
=0

When the number of intervals was at least ” n, and the average
angular distance of the intervals was at or below the threshold
P AB.., the rotation was stopped. The condition is given in (35).
L
p i NO: :
(Pn, < i) A (% E AO;; < ”A@C) (35)

The relationship between the parameters and values for the
planned angular motion is shown in Fig. 6. To summarize,
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‘ 7 TABLE 1. Summary of parameters, constants, and variables of the general
Py motion framework.
Ra,qi— Name € Unit  Description
Ty SE(3) Transformation from world frame {w} to
flange frame {f}.
Ty SE(3) Transformation from flange frame {f} to
sensor frame {s}.
Y PS PTea  SE(3) Transformation from sensor frame {s} to
- o ‘ adapter frame {a}.
: PToe  SE(3) Transformation from adapter frame {a} to
[ St cadaver frame {c} (joint COR).
+ Abauction
3 P Pmg R>o kg Estimated mass of the sensor and adapter.
1 u
: Pmg Rso kg Estimated mass of the specimen.
: Prg R3 m Mass center of Pmg in {s}.
: Pr, R3 m Mass center of Pm,, in {a}.
} Ts R3 m Combined mass center expressed in {s}.
PF. R3 N Force setpoint for guided linear motions.
F R3 N Force setpoint to measurement deviation.
FIGURE 6. lllustration of the torque parameters and variables for —
replicating the anatomical movement abduction. The figure shows 90° Pf. R>o N Acceptable magnitude of F for converging
glenohumeral abduction by rotating about the y-axis. the force guidance algorithm.
Pd Rso mm  Highest linear step size in force guidance.
Pd, Rso mm  Linear distance between the preceding and
the arc in the figure represents the planned rotation from succeeding waypoints for optimization.
R,. The full motion is divided into intervals with an angular Ph B3 Hadamard mask for constraining motion
distance of “6,, . The small steps between the intervals are the along specific principal axes.
angular steps, with an angular distance of 76;. Here, for the Rq SO(3) Start orientation in rotation planning.
anatomical moverpent mversz.on, the axis of rotation is the R, S0(3) Target orientation of a full rotation, calcu-
world frame y-axis. The depicted arc and intervals do not lated from Ry, P&, and P0,..
pecess.arlly reﬂect thg magmtu@e of the. values used during o R3 Axis of rotation, a principal axis in either
inversion; the image is illustrating the involved parameters world frame or cadaver frame.
and variables. g, Rso ° Angular distance from R, to Ry, about P&
for a rotation segment.
E. PATH REVERSAL OPTIMIZATION P9, Rso ° Angular distance of rotation intervals.
Force guided paths may visit many positions during the Py, R-o ° Angular step size for rotations.
gu1('12'1nce. Instea%d. of guiding the TCP back to the 1n1t1?11 T RS Nm  Torque setpoint, or torque limit, for the
position, the original path was recorded and followed in rotations.
reverse. Hovyever, moving through all the explored positions 9, Roo N Planned angular position after interval 7
when following the path in reverse is unnecessary and the path
can be optimized A Rso ° Measured angular distance after interval <.
Let T be a list of waypoints and N(T) a function which n; Rso The number of angular steps in interval 4.
returns the number of elements in 7. Then, let O(T, i) be 8, R™ ° The path for interval i as angular steps.
a recursive function that returns the optimized path, where = Axn . , .
. . e e . i R i The path for interval 7 as quaternions.
i denotes the index from where optimization should be
. . s P ; ; ;
performed. If the linear distance between waypoint i and g R>o The number of infervals required with
. - . magnitude below the angular threshold to
i 4+ 2 was smaller than or equal to some specified step size, decide convergence towards the torque set-
Pd, € R, then waypoint i + 1 was removed from the list. point.
. == . . — T
The function O(T', i) is defined in (36). AO; ]R;SG ° The average angular distance of the previ-
- ous P, intervals.
T i=N (T) -1 PAG. Rsg ° Threshold for average angular distance of
_ _ T M the previous Pn, rotation intervals.
OT, )= OT \({Ti1},i) , E(Ti,Tiy2) <7d,
oT,i+1) , otherwise

Here, Zi denotes the i-th element in the list 7, the function
(36) E(T;, Ty) returns the Euclidean distance in millimeters
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pi—1 = po + |(F: © Ph)| - ((F: © Ph)
t=t+1

A

Pt = Pi—1 + Apy

/ — false

Ff ©Ph| <Pf,

|7 0 hl < f, fe—
true

| Finish |

FIGURE 7. The algorithm for force guidance of linear motions.

between the waypoints Tj and Ty, and lastly T \ {T;} denotes
list subtraction, where element i is removed from the list 7.
The optimized path T, can be calculated based on the force
guided path Tg as shown in (37), which can be followed in
reverse to reach the initial position. The path T, must be
reversed.

To= 0T, 1) (37)

F. ALGORITHMIC REPRESENTATION

See Table 1 for a summary of the parameters and variables
defined in the framework. The algorithm for force guidance,
using the presented equations and parameters, is shown in
Fig. 7. Force guidance starts from the initial position of the
TCP, denoted by Py.

Similarly, the algorithm for torque monitored rotations is
shown in Fig. 8. As seen, this algorithm has three finish
conditions. The first is when the torque setpoint is exceeded
after equilibrating the forces, the second if Rj is reached,
and third if the average angular distance of the previous ” 1y
rotation intervals is at or below the threshold. The grey box
for force guidance represents the algorithm shown in Fig. 7.

IV. PARAMETERIZATION FOR THE SHOULDER

This section describes the parameterization of our frame-
work for replicating the referenced biomechanical shoulder
protocol, in preparations for a future study by Vagstad et
al. Parameters relating specifically to the shoulder protocol
are denoted by a left-side superscript s. Consult Table 1 for
a description of the framework parameters, denoted by a
left-side superscript p.

The experimental procedure of the implemented shoulder
protocol begins by centering the humeral head in the glenoid
cavity. The full procedure for the protocol is shown in Fig. 10.
Once centered and the linear guidance converged, the test
sequence begins for the first pose. A recorded path of the TCP
for the initial centering and the force guidance convergence
can be seen in Fig. 14. The test sequence consists of three
translation tests in each of the four poses, and external
rotation ROM test performed in both angles of glenohumeral
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FIGURE 8. The algorithm for torque monitored angular motions. The grey
box performs the algorithm for linear force guidance to equilibrate
arising forces between rotation intervals.

}—>{ Anterior test }—>/ Ay
|
ey,

v
Reverse: Inf. test /L>’ Anteroinferior test }—’/ Ay, Az
I

Start

v
Reverse: Ant. test H

Inferior test
I

v
Reverse: Anif. test H Finished ‘

FIGURE 9. Experimental procedure for the translation test sequence. This
test sequence is performed in each of the four poses of the shoulder. The
rectangular boxes in grey performs the force guidance algorithm shown
in Fig. 7, using the parameters presented in this section. The rhomboid
boxes performs the described path reversal optimization strategy.

abduction (0° and 60°). See Fig. 9 for the performed test
sequence in each of the four poses.

A. CADAVER FRAME

The cadaver frame transformation matrix must be defined
per specimen, as the humeral osteotomy of specimens can
result in different lengths of the humerus. The humeral shaft
length, *H € R.o, from the adapter to the humerus COR
was measured using x-ray, while both the medial offset,
M € R.y, and posterior offset, *P € R.(, were obtained
from statistical values [42]. The transformation from {a} to
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‘ Initial centering H Translation tests ‘
I

v
[ Ext. rot. 60° H Translation tests ‘

|
/ Reverse: Ext. rot. /<—[ Ext. rot. test ]—»/ AGZ/
|

[Abduction to 60° H Translation tests ‘
I

v
[ Ext. rot. 60° H Translation tests ‘

|
«—{Ext. rot. ROM test p/ Af. /

FIGURE 10. The experimental procedure for the test full protocol. The
rectangular boxes in grey performs the force guidance strategy, where
translation tests specifically is the sub-procedure shown in Fig. 9. The
rounded rectangular box performs the torque guidance algorithm shown
in Fig. 8 using the parameters presented in this section.

’ Finished

M

Intramedullary axis

=<

COR

Qo

~H

X

FIGURE 11. Projections of the humerus and coordinate axes onto the
xy-plane (superior perspective) and xz-plane (anterior perspective),
illustrating the linear offset of the cadaver frame {c} (the humeral COR)
relative to the adapter frame {a}.

{c} is defined in (38) and illustrated in Fig. 11. This method
to define the humeral COR was adapted from Iannotti et al.

SM
I +°P
pTaC — 3x3 SH (38)
000 1

B. CENTERING

The humeral head was centered in the glenoid cavity
by using the linear force guidance strategy described in
our framework, using a non-zero medial-lateral (x-axis)
force component whereas the inferior-superior (z-axis) and
anterior-posterior (y-axis) components were set to zero. The
cartesian coordinates relative to the shoulder can be seen
in Fig. 3 and Fig. 12. The humeral head may dislocate
during centering when there is a surgically made bone defect.
If this happened, the protocol was restarted, and a small
bias directed away from the injury was added to the force
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FIGURE 12. Direction of forces for translation tests of a right-sided
shoulder. Medial perspective of the shoulder. Left: Anterior test direction.
Middle: Inferior test direction. Right: Anteroinferior test direction,
composed by anterior and inferior loads.

setpoint. Let /. € R be the magnitude of the medially
directed force, whereas ’f , € R>o and ’f;, € Rxq are the
posterior and superior biases, respectively. The bias forces
should be as small as possible to have a negligible effect on
the centered position, typically ranging between 1 N to SN.
The parameterization of the centering is then as follows.

Sf. = 30N Pf, = 0.25N
Pd = 0.6mm h=[111" (39
. T
p}—uz[_sfc :l:spb Ssb] N

The value of the second component in ”F, is positive for
left-sided shoulders and negative for right-sided shoulders.

C. PATH REVERSAL

To reach the initial centered position after translation tests and
ROM tests, all guided paths were recorded, optimized and
reversed. The following parameter was used.

Pd, = 0.25mm (40)

D. TRANSLATION TESTS

Translation tests were performed as force guided motions,
with motion constrained to specific axes by different
Hadamard masks. Test directions for a right-sided shoulder
are illustrated in Fig. 12. Note that the anterior direction is
parallel but in opposite direction along the y-axis for left-
sided shoulders.

Let %, € Ry be the magnitude of test force. The
following parameterizations were used to replicate the
translation tests. Note that the value of the second component
in ”F,, when non-zero, is positive for left-sided shoulders
and negative for right-sided shoulders.

1) ALL TESTS
f. =30N Pf, =025N 7d =0.6mm °f; =30N

(41)
2) ANTERIOR TEST
Ph=[110]
PF, = [~ +% 0]'N (42)
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This test was measured as the absolute displacement along
the y-axis, Ay.

3) INFERIOR TEST
"h=[101]"
PF,=[-%. 0] N (43)

This test was measured as the absolute displacement along
the z-axis, Az.

4) ANTEROINFERIOR TEST
th=[111]
p s seo 1 se 117
Fo=["% #h5 hp N @

This test was measured as the absolute displacement along
both the y-axis and z-axis, v/ Ay? + AzZ.

E. ABDUCTION

Abduction was performed as a torque monitored rotation
of the TCP about the world y-axis, using the following
parameters.

Pg, = 60° Pg, =3°
Py, = 0.25° PAG, =0.2°

45
Py =6 Py, =[010]" @)

PT, =[020]"Nm R, =R("®,,, 76, )R,

F. EXTERNAL ROTATION

External rotation was performed as rotations about the
cadaver frame z-axis (humeral shaft). The initial pose, Ry,
was reused when the ROM test was performed after the
translation tests. The ROM tests resumed rotation from 60°
external rotation after translation tests and continued until
the rotation converged. In case a specimen was unable
to reach 60° external rotation, the current orientation was
considered as the converged ROM test and translation tests
were performed in this pose.

79, = 60° rg, = 3°
rg, = 0.25° PAG, = 0.2°

46
"y =6 26, =[001]" (*0)

"7, =[002]"Nm Ry =R.R("&,,, £76,)

The sign of +”6, is positive for left-sided shoulders and
negative for right-sided shoulders. The same parameters and
constants were used for the ROM test, except that Py, = 180°
and R, was re-calculated.

V. EXPERIMENTAL RESULTS AND DISCUSSION
A. SHOULDER PROTOCOL

The output of each test in the protocol, as measured by the
robot, is shown in Table 2. The unit is degrees for external
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(c) (d)

FIGURE 13. X-ray images of the specimen in 60° glenohumeral abduction
as guided by the robot. Images are from an anterior perspective. (a) Force
centered humeral head. (b) 60° external rotation. (c) Inferior translation
test. (d) Anteroinferior translation test.

rotation and millimeters for translations. The first line in the
table shows the test results for the intact state, and the second
line in the injured state. Poses of the specimen are stated in
angles of abduction (ABD) and external rotation (EXR). For
example, as 0° ABD / 60° EXR or equivalently as 0° / 60°.

The position of the humeral head was observed using x-ray
before and after each test to ensure correct joint position
and motion. The humerus as guided by the robot is shown
in Fig. 13, where Fig. 13a shows the centered position
prior to translation tests and external rotation. Fig. 13b
shows 60° external rotation, whereas Fig. 13c shows an
inferior translation test and Fig. 13d shows an anteroinferior
translation test.

The expectations from the testing were that; (i) the ROM
and translations for the injured state should be similar
or greater than the intact state, and (ii) the anterior and
anteroinferior translations were expected to be largest for 0° /
0° and smallest for 60° / 60°. The assumption behind (i) was
that the bony and soft tissue structures that provide passive
stability were compromised in the injured state, and (ii) that
soft tissue structures tighten and stabilizes the joint during
abduction and external rotation.

The observation in Table 2 following our pilot study of
the framework, is that each test performed in the injured
state measured a greater or similar magnitude compared to
the intact state. The tightest pose for the specimen during
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TABLE 2. Output from the shoulder test. The first two columns show the output from the external rotation (EXR) ROM tests in different poses of abduction
(ABD). The remaining columns show the output of the anterior (ANT), inferior (INF), and anteroinferior (ANIF) translation tests in the four test poses.

0 EXR /0 ABD
ANT INF

testing was 60° / 60° for both states. However, the anterior
tests in 60° / 0° and 0° / 60° for both states measured
similar displacements. The greatest external rotation ROM
was observed in 60° glenohumeral abduction, as expected.

A limitation of our pilot study is that statistical significance
of the magnitude of motions cannot be decided based on
one specimen. However, the present study was not medically
focused and did not aim to conclude on the significance
of stability or ROM between the intact and injured state.
Rather, the present study aimed to develop our framework
and demonstrate its use by parameterizing a biomechanical
test protocol for the shoulder found in the literature.

B. MOTION FRAMEWORK

Our modeling and control strategy to biomechanical studies
is most distinctive through our generalized approach and
framework, compared to prior technical descriptions we
found in the literature. Our open framework most closely
resemble the software solution simVITRO®) [31] which is
proprietary and, to the best of our knowledge, closed source
with a closed model. Other technical descriptions we found
in the literature usually describe mathematically the control
for specific joints but allow parameterization of the loading
conditions. We describe a framework where the anatomical
joint motions, biomechanical tests, and the loading conditions
can be parameterized without incorporating knowledge of the
joint directly in the control strategy.

The model described by Fujie et al. [16] was based
on parameterizing the Jacobian matrix approximation using
position and force/torque relative to the knee coordinates.
They must likely formulate a new Jacobian matrix for other
tests or joints. Rudy et al. [17] expanded on this model
for other studies on the knee, but we could not find a
mathematical description of this adaptation as thorough as
the original study. Gilbertson et al. [18] applied the model
by Rudy et al. to the spine and proposed the PathSEEK algo-
rithm, describing the parameters and steps of the algorithm
textually. The present work combines the mathematical detail
by Fujie et al. and the algorithmic description by Rudy et
al., and we generalized the methodology and mathematical
formulation to be independent of the type of joint. Our
approach does not model the Jacobian approximation for
loading conditions, or rotations using specimen coordinate
systems/specific human joint kinematics, instead we model
desired force/torque loading with respect to the world (robot)
frame cartesian axes. The generalizability of the framework
is a product of the specimen alignment in the rig with respect
to the world frame.
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 OEXR/G0ABD
ANIF | ANT INEANIE ANT _INF

_0ABD 60 ABD

_BEXR  EXR
581 2400 2942 568 899 1426
1126 29.18  35.18 582 1354 2652

60 EXR /0 ABD
ANIF

Martinez [19] described in his thesis the technical back-
ground for a novel application of direct force control of an
industrial robot for biomechanical studies. The system was
applied on the spine, but he argued it was general and could
be applied on other types of joints. A caveat of this approach
was that the robot controller stack was altered, introducing
third-party solutions to allow robot joint torque control and to
increase the controller cycle rate to 500 Hz. Presumably his
model can be implemented in robot systems which has these
features from the vendor as well. However, we had a KUKA
KR 6 R900 sixx available for the present study, which is a
joint position-controlled industrial robot and allows external
communication at 250 Hz using the KUKA Robot Sensor
Interface (RSI). We had no interest in attempting to modify
the robot controller stack in the risk of being unable to request
official service and support in the future. As such, direct force
control as described by Martinez was not a viable option for
us, and we opted for an implicit force control strategy.

From the work of Fujie et al. (and subsequent studies by his
associates) to Martinez, we have not found any publications
on the robot control and modeling in biomechanical studies
with the same mathematical detail and generalizability.
The work of the former has been used and cited in
many ensuing biomechanical studies, and any adaptation of
the original work seem to be mostly textually described.
Whereas these studies and their descriptions are valuable
contributions, replicating both the technical infrastructure
and the test protocol using these descriptions is complex
and time consuming. Once implemented, our framework may
greatly reduce the time to replicate existing test protocols.
Additionally, as stated in the introduction, Goldsmith et
al. [20] pointed out that minor differences in the test
methodology or protocol can produce vastly different results.
We observed this during development of the framework
and protocol, particularly pertaining to the setpoint/threshold
values and convergence strategy to rotations and translations.
This is discussed in the next subsection but is tangential to the
current discussion; Fig. 15 illustrates this as the convergence
rate drops substantially and temporarily at waypoint 10. Con-
sequentially, a high threshold could converge the guidance
to a local optimum. This illustrates the importance of open
methods, algorithms, and parameters so that differences in
results between studies can be explained.

A limitation of the present study is the lack of demonstra-
tion of generalizability to other joints. However, as stated in
the introduction, we have successfully applied the framework
to the ankle joint in our medical study [32]. This demonstrates
the generalizability partially, but only to a specific type
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(b)

772.9

772.85

772.8

T72.75

FIGURE 14. Initial force guided centering path of the TCP, consisting of 349 waypoints. Axes show world frame dimensions in mm. After attaching the
humerus to the robot, the TCP was jogged manually so that the humeral head was approximately aligned with the glenoid in the superior-inferior and
anterior-posterior axes, but lateral to the glenoid so the bones were not in contact. This pose was verified by x-ray prior to centering, and was used for
mass estimation of the specimen. (a) The full path of the TCP, and the converging segment shown inside the red box. (b) The converging segment inside
the red box. (c) Optimized converging segment, as trimmed by the path reversal method. Note that the entire path was optimized, not just the segment

shown here.

of diarthrodial joint; both the shoulder and ankle can be
considered to have one point of contact between the bones.
Our current formulation of the framework might not be able
to replicate anatomical motions in joints with two points of
contact, such as the knee. This will be a topic of discussion
in our future technical publication that describes our ankle
study. Additionally, we only measured the total magnitude of
motions during tests, be it linear translation tests or rotations
tests, whereas the simVITRO®) software package seems to
have the ability to log the force-displacement curves and load
profiles throughout the motions. This is not implemented in
our software for the framework as it was not a requirement
for our medical studies, and only the magnitude of motions
was of interest. Lastly, our calibration method for the humeral
COR was based on x-ray measurements, an alternative could
be the method described by Rychlik et al. [24] for the hip.

We have argued that explicit mathematical descriptions
for adaptations of subsequent studies is essential, and
this is the primary gap that we aimed to close with our
presented method. Any adaptations of test protocols in
our framework can be directly and explicitly described
using the presented set of parameters. We did not modify
the underlying control strategy or the framework for our
referenced ankle study, but parameterized the framework
to adapt an established biomechanical test protocol for the
ankle. Our approach to model in task space, using basic
mathematical representations and algorithms, has the positive
side-effect of being easy to implement on a variety of
systems.

C. FORCE GUIDANCE AND PATH OPTIMIZATION

The force guided path of the TCP during the initial centering
is shown in Fig. 14a. The red box in the top right of the
figure encloses the the converging segment of the path, which
is isolated in Fig. 14b. The optimized path of the same
converging segment is shown in Fig. 14c. The path starts at
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the bottom left of Fig. 14a and visited a total of 349 waypoints
(WPs) from start to the converged position. The converging
segment in Fig. 14b accounted for 274 WPs, whereas the path
outside this box accounted for 75 WPs. The optimized return
segment in Fig. 14c only consisted of 10 WPs in contrast
to the original 274 WPs in Fig. 14b. For visual reference in
this discussion, WPs 10, 76, and 84 are highlighted in their
respective figures.

By inspecting the plots, one can see that the TCP
travelled approximately 4 mm medially (positive world x-
axis) until the humeral head made contact with the glenoid
at approximately WP 10. The medial motion at the beginning
was the result of the x-component of F being substantially
larger than the other two components. The continued medial
travel after WP 10 was due to the humeral head sliding
deeper into the glenoid cavity, approximately 2 mm until
convergence. Similarly, after WP 10, the TCP traveled
approximately 8 mm anteriorly (negative world y-axis) and
4 mm superiorly (positive world z-axis) until convergence.
In total, roughly 9.2 mm from WP 10 until convergence.

By rearranging (20) to solve for |F| when given a value
of ¢, the value of the force error magnitude at WP 10 was
approximately 2.2 N. This was almost 10 times higher than
the threshold, %f, = 0.25N, and was one of the smallest
steps before WP 84, as illustrated in Fig. 15. After this point,
the total distance until convergence was 0.4 mm with all steps
smaller than 0.05 mm, and an average step size of 0.017 mm.
As such, the average force error was 0.77 N, close to three
times the value of f, .

There is a trade-off between relatively high and low
values of *f,. Too high and the guidance will converge
prematurely, for example in the local minima at WP 10.
Consequentially, this would incorrectly have added 8 mm to
the value of the anterior translation test in Table 2 (more
than doubled the measured motion), as the humeral head
was not correctly centered in the glenoid cavity. The other
scenario, as potentially demonstrated here, is a too low value

VOLUME 12, 2024



A. Skrede et al.: Quantifying Passive Biomechanical Stability Using an Industrial Robot

IEEE Access

I I
WP 10
0.6 — WP 76 |
05 — WP &4
ol — C(j':t © *h)
0.4 ¢ = 0.066
0.3 [ |
0.2 H |
0.1H |
0 | WWMy
0 50 100 150 200 250 300 350

FIGURE 15. The calculated step size (gradient descent convergence ratio)
for each waypoint in the path, from the initial centering shown in Fig. 14.
The blue bar highlights waypoint 76 in this path, and the red bar
waypoint 84.

of the threshold. A too low threshold, presumably, do not
negatively affect the outcome of tests but it increases the
duration for a potentially negligible difference in position.
Related to this, the max step size (or convergence rate),
Pd = 0.6mm, was assigned this specific value to avoid
oscillations during centering. This was found experimentally
during development using a different specimen than the
one included in the pilot study, whereas the values of the
constants a, b and ¢ in (20) were found by visual inspection
of different plots of ¢{. These values were used as listed to
avoid a zero-valued root of the function, and were tested
experimentally along with the threshold for the force error,
’f,, during development. These specimens were used in a
prior study by Vagstad et al. and had already been injured and
surgically repaired. As such they were not suitable to include
in the present pilot study. We unfortunately do not have any
data from these tests, but the parameter values were kept due
to the observed stability and relatively short convergence time
in tests during development.

To attempt to reduce the testing time in the future,
experiments on multiple specimens should be performed
to find proper parameter values. These experiments should
include specimens in the intact state and with different
injuries. An alternative to experimentally finding different
stable values of *f, is to modify the convergence criteria to
something similar as for rotations where the last ”’ ng Steps
are observed, or a combination of both. Lastly, to reduce total
time, a higher °f, could be used during centering between
rotation intervals. During rotations to anatomical positions,
it is not important to have the humeral head in the exact
anatomically correct position until the rotation is close to
convergence. Rather, centering serves to prevent dislocations
and to equilibrate arising forces due to the inaccurate COR.
Then, centering with a low threshold to ensure correct
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joint position can be performed during rotation convergence
checks, or after the rotation has stopped.

VI. CONCLUSION

This paper presents a modeling method and parameter-
izable task space motion framework for using a joint
position-controlled industrial robot to quantify biomechan-
ical stability and Range of Motion (ROM) of human
cadaveric diarthrodial joints. We successfully demonstrated
how the framework can be used to parameterize an existing
biomechanical test protocol for the shoulder, and evaluated
experimentally the replicated protocol in a pilot study. The
specimen was tested according to the protocol in the intact
state and with anterior glenoid bone loss; the observations
generally matched the expectation of increased instability for
the injured state. The positions of the humeral head, relative
to the glenoid, were validated by an orthopedic surgeon using
x-ray before and after all robot-guided motions. Our proposed
framework can rapidly recreate existing biomechanical test
protocols, or develop new ones. Whereas test protocols
are described and published extensively in the literature,
we have not found an open and free model equivalent
to our framework. The generalizability of the framework
to other joints has not been described in this paper, but
our proposed framework has been applied in a published
cadaveric biomechanical study on the ankle. Thus, the
generalizability of the framework to other joints has been
demonstrated. The parameterization for the ankle and the
extent of the generalizability of the framework are topics in
our next technical paper currently being drafted.
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