Calculating Reachable Workspace Volume for
use in Quantitative Medicine

Robert Peter Matthew, Gregorij Kurillo, Jay J. Han, Ruzena Bajcsy

Paper ID W22-20

Abstract. Quantitative measures of the space an individual can reach
is essential for tracking the progression of a disease and the effects of
therapeutic intervention. The reachable workspace can be used to track
an individuals’ ability to perform activities of daily living, such as feed-
ing and grooming. There are few methods for quantifying upper limb
performance, none of which are able to generate a reachable workspace
volume from motion capture data. We introduce a method to estimate
the reachable workspace volume for an individual by capturing their ob-
served joint limits using a low cost depth camera. This method is then
tested on seven individuals with varying upper limb performance. Based
on these initial trials, we found that the reachable workspace volume
decreased as muscular impairment increased. This shows the potential
for this method to be used as a quantitative clinical assessment tool.

Keywords: Kinect, Muscular Dystrophy, Functional Workspace, Reha-
bilitation, Assessment, Diagnosis, Goniometry, Skeletal Modelling

1 Introduction

Injury to the skeletal and muscular structure of an individual can occur through
a variety of conditions ranging from traumatic accidents to genetic disorders.
Monitoring the improvement of an individual’s performance through medical
treatments such as pharmaceuticals and rehabilitation, as well as tracking de-
generation are key for customising medical treatment to an individual.

Traditional methods to track an individual’s performance often relies on a
series of qualitative tests administered by a clinical evaluator. These can range
from recording the time to complete a specific task, to questionnaires and scored
worksheets that measure quality of life.

However, a majority of these measures have focused on lower limb function,
measuring an individual’s performance when walking and climbing stairs. There
are relatively few methods for evaluating upper limb function, even though the
upper limbs are critical for basic self-care activities. These activities are known
as Activities for Daily Living or ADLs, and cover feeding, grooming, dressing
and toileting care. Additionally, the need for quantitative measures for the upper
limbs that are practical to implement, intuitive and scalable, has been echoed
by medical practitioners.
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We introduce a novel technique to quantify, the space an individual can reach
using low cost sensing. By capturing an individual’s upper limb motions while
performing a set of arm movements that encompass cardinal shoulder range of
motion, we introduce a method for creating an individualised skeleton, allowing
calculation of their range of motion about each joint. These joint constraints
are then used to find the region of space that the individual should be able
to reach, centered at the shoulder. We call this the reachable workspace of the
individual. Both the joint bounds and the volume of this reachable workspace,
can be quantified and may act as usable clinical measures.

We evaluate the efficacy of these measures on a control population as well as a
set of patients suffering from a degenerative neuromuscular disorder, comparing
our measures to those typically used.

2 Related Work

Traditional methods for assessing limb function look at goniometry [1, 2], muscle
strength tests [3, 4], clinical motor function scoring methods such as the Brooke,
DASH and Fugl-Meyer scales [5-8] and performance based measures such as the
‘nine hole peg test’ and ‘six minute walk test’ [9-12].

The introduction of the Kinect depth camera [13] allowed for low cost, mark-
erless motion capture with skeletal tracking. It has been used for goniometry
[14,15] and tested against other motion capture devices to check its suitabil-
ity for use as a clinical tool [16,17]. This has led to its use for rehabilitation
measurement and exercise monitoring [18-23].

The reachable workspace of an individual has been measured for use in er-
gonomic design [24-26]. It has been extended for use as a clinical measure by
combining it with traditional goniometry measures [27, 28] and motion capture
systems [29-32]. We extend this work by performing automated skeletal and
goniometric measurements of the upper limb using the Kinect sensor, and cal-
culating to creating a reachable workspace volume.

3 Mathematical Framework

In this section we introduce the mathematical tools we will use for recovering
reachable workspace volume. We use techniques taken from robotics and com-
puter graphics literature, particularly work in kinematic chains, state estimation
and computational geometry [33,34]. Our method builds on the intuition that
for every movement of the human arm, there is corresponding set of joint angles
that describe this motion. By finding the bounds of these joint angles, we find
the corresponding reachable volume in the world frame.

3.1 Kinematic Chains, Maps and Spaces

To build up the framework to describe these operations, we construct a kinematic
chain that describes the arm. A kinematic chain is a set of rigid bodies, connected
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together by joints. Consider, the planar kinematic chain shown in Figure 1a. This
chain comprises of two links, and two joints labelled J; for j € [1,n] where n is
the number of joints in the system.

We will perform our analysis based on the mappings between three separate
spaces: configuration spaceC, workspace VW and outputspace O. Our configura-
tion space C, is the space of all potential joint states. In our example, it is the
set of angles 0; € [, +n] for j € [1,n].

For every combination of these joint angles, there is a corresponding (x,y)
position of the kinematic chain. The mapping from the configuration space to
the Cartesian space is given by the forward kinematic map, f (77, q) where 7 are
the kinematic parameters of the model (such as joint lengths) and q is a vector
of joint states. The image of f the workspace of the manipulator, denoted W.

The manipulator workspace is contained in a larger ‘output space’ O which
is the ambient space of smallest dimension that contains the workspace. We
denote the m dimensional output space as O (m). In our example, we can take
m as being either 2 or 3. O(2) would correspond to planar motion without
orientation information (RQ), while O(3) would correspond to planar motion
with orientation information (R2 x SO (2))

The relationship between the configuration, work and output spaces and the
forward kinematic map can therefore be summarised by the statement:

f(mqg):C=>WeO

3.2 Constrained Kinematic Chains

In our previous example, we took each joint to be perfectly revolute with its
domain being the circle. We now restrict the state of each joint J; to remain in
the bounded interval [gj,qj] such that every state q; € [gj,aj] for j € [1,n]. We
do this for both revolute and prismatic joints constructing @ € R"*? an array
containing the bounds of each joint such that Q; = [gj,aj].

Under the assumption that these joint bounds are capable of completely
characterising the reachable workspace, we can generate a set of feasible joint
angles that lie within our configuration space. For every vector g, € C, we can
say:

4, = @1, @205+ Qjirs - - - Gnr) such that g5, € [q;,,G;,]

We can then use our forward kinematic map to relate a point g, € C to a point
yr € O.

We make the assumption that as this point satisfies our joint bounds, it lies
within our valid configuration space. This means that the point y, is a valid
point in our workspace W.

Returning to our example, we can sample 1,000 feasible points in our output
space (Figure 1b)) by mapping 1,000 feasible points from our configuration space.
Alpha shapes [35] can be generated for these points allowing the non-convex hull
of these points to be found as shown in Figure lc.

To compare the validity of this method, we compare our recovered workspace
to one that has been created analytically[34,36]. While the analytical solution
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is the ideal solution that we wish to find, the calculation becomes non-trivial for
larger more complicated kinematic chains leading to use of our sampling based
method.

4 Methodology

In this section, we outline the methods we used to build a skeleton for the
individual and estimate the states and joint ranges for an observed motion.

We initially capture the actions of an individual performing actions relevant
to ADLs. From this, we extract a kinematic model that captures the skele-
tal lengths and the joint range of motion. We then show how we estimate the
workspace and reachable volume using these joint bounds.

4.1 Motion Capture

For our experiments, we used a Kinect depth camera to track the motions of an
individual. We used the Microsoft Kinect SDK to extract the positions of several
key points including the position of the head, shoulders, elbows, wrists and hips.
The motion of the upper arm was recorded while the subject performed a set of
prescribed movements. The 3D Cartesian coordinates for each of these points in
the world frame were captured and stored.

4.2 Skeletonisation

To perform our analysis, we require a kinematic chain model of the upper arms.
We used the coordinate convention outlined by the International Society of
Biomechanics [37] to define a set of axes for the upper arm. This was then
used to make a kinematic model of the upper arm (Figure 2).

The final model is a seven Degree of Freedom (DoF) chain, with the Gleno-
humeral (Gh) joint floating in space. The 6 DoF pose of the Gh centre represents
the first six states in our state configuration vector q. Our final state g7 is the
rotation of the Humeroulnar (Hu) joint.

This model requires two kinematic parameters- the length between the Gh
and Hu joints and the length between the Hu and wrist. These lengths were taken
to be the average length between the shoulder and elbow, and elbow and wrist
respectively from the Kinect dataset. Given these two parameters the position
of the shoulder, elbow and wrist are functions of the seven states q.

4.3 State Estimation

To capture the joint parameters of the individual, we need to find the observed
range of states q. However the Kinect only provides (noisy) shoulder, elbow
and wrist positions. Given these observed trajectories y (t), we wish to find the
corresponding state trajectories g (t).
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Fig.1: Our methodology applied to a simple two link pantograph robot. Left:
the robot performs an action, and the positions of the middle and end link are
recorded (green and red points respectively). The joint angles corresponding to
these points are found and then used to find the joint limits. Middle: These joint
limits are used to find 1,000 feasible points in the output space (red). Right:
The alpha-shape of these points is then found and taken to be the reachable
workspace (red). This is compared to the reachable workspace calculated ana-
lytically (blue).
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Fig. 2: Left: ISB recommendations on definitions of joint coordinates and rota-
tional axes. Skeletal model generated using Biodigital Human[38]. Right: Our
Kinematic model for the upper limbs. Y, is parallel to Yp, while YYgy, runs
parallel to the humerus. Location of the rotational centre of the Gh joint is given
in Thorax (T) coordinates. Rotational pose of the Humerus is based on a Y-X-
Y rotational sequence about You-Xar-Y You. Rotation about the Hu joint is
about the Huy axis.
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To do this, we used an Unscented Kalman Filter (UKF) [39,40] to recon-
struct the joint angles from the tracked data points [41]. Given a dynamic and
observation model along with uncertainty parameters, this method can be used
to estimate the state of a dynamic system. The UKF takes a discrete dynamical
model of the form:

Q41 = F (qx,vr)

with the observation equation:

Yy, = H (g, wy)

Ordinarily, we would create a dynamical system model for F', encapsulating
the masses, inertias and torques being applied to the system. However in a
biological system, this is often not known a priori. While tabulated values could
be used as an estimate, the masses and inertias of body segments may vary
heavily with medical pathology. Similarly, joint torque estimation is non-trivial,
often requiring extensive musculoskeletal modelling.

Instead we drive our dynamical system with a random walk process, mod-
elling the higer order dynamics as an Independent and Identically Distributed
(IL1D.) process [41].

In this manner we have a system model that will estimate our joint states
q;, based on our observed measurements y; _,. In our experiments y is a R"*?
vector where 7 is the total number of samples, and our nine columns represent
the Cartesian coordinates for the shoulder, elbow and wrist.

The UKF was run recursively on the Kinect dataset, removing segments of
unreliable data. Data was deemed to be unreliable if the instantaneous change in
angle exceeded 2 radians between two consecutive samples. The UKF was then
reinitialised after this removal of data using the previous state values as the new
starting guess.

The recovered state values were then passed through a zero-phase 3"¢ order
lowpass Butterworth filter[42] with a normalised cutoff frequency of 0.1.

The maximum and minimum values (gj,qj) for each joint j were calculated
and stored as in the bounding matrix Q.

4.4 Workspace Generation

Using these bounds, we can create random joint angles respecting the bounds
via an I.I.D. process. In this manner, we generate 10,000 sample points in config-
uration space (q7><10,000)7 which were then mapped into 10,000 wrist positions
in our output space (y3X10’000).

While these points marked out valid regions in our workspace, we require a
volumetric measurement of our reachable workspace. Using this point cloud of
feasible workspace points, we used alpha-shapes[35] to create a non-convex hull
marked out by this sampled data. The enclosed volume of this hull was then
used as our recovered reachable workspace volume.
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5 Experimental Validation

To evaluate the validity of this method, we recorded Kinect joint positions for
both pathological and control test subjects. We outline our subject population
and the experimental procedure and show the results from our method.

5.1 Experimental Population

Four patients diagnosed with Facioscapulohumeral muscular dystrophy (FSHD)
and three healthy controls participated in this initial study. FSHD patients were
diagnosed based on confirmed genetic analysis as fully described in [32]. Healthy
control subjects without any musculoskeletal disorders were recruited through
an approved Institutional Review Board (IRB) protocol. Consent was obtained
prior to the study for all participants or their guardians and was documented
via an IRB approved consent form.

FSHD is a genetic disease of skeletal muscle that stereotypically affects the
skeletal muscles of the face and the shoulder girdle. Symptoms begin in early
childhood with proximal upper limb muscle impairment, and progress through
the teenage years. Life expectancy is unaffected, but often results in severe dis-
abilities eventually requiring wheelchair use.

Current methods of assessing FSHD are the Brooke scale, a specific FSHD
scale, shoulder-elbow strength measurements, 9-hole peghoard tests, and quality
of life questionnaires. Of these, the Brooke scale is one of the most commonly
used and will be used as our measure of comparison.

5.2 Experimental Procedure

Participants in the study were asked to perform a series of motions that marked
out key points of their workspace. They were asked to touch six points on their
body, the left and right sides of their hips, their left and right shoulders, their
mouth and the top of their head while being monitored by a Kinect camera.
These actions were chosen as it covers areas necessary for ADLs such as eating,
grooming and toileting and covers motion in clinically relevant planes. Each
pathological participant was also given a Brooke score by the study clinical
evaluator.

5.3 Reachable Volume Results

We used our method for reconstructing the reachable workspace and calculating
the reachable volume, one each of our participants. The results of these trials are
shown in Table 1, with graphical depictions of these workspaces for a healthy
subject and a subject with progressed FSHD shown in Figures 3-6.
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Table 1: Comparison of computed reachable volume and Brooke Score

Subject Reachable Volume (m?) Brooke Score (unitless)
Healthy 1 3.74 x 107! -
Healthy 2 3.28 x 107! -
Healthy 3 2.34 x 107! -
Patient 1 3.58 x 107! 1
Patient 2 2.70 x 1071 2
Patient 3 1.78 x 107+ 3
Patient 4 1.48 x 1073 5

6 Discussion

From the results shown in Table 1, we can see that as the Brooke score increases
(showing increasing disability), the computed reachable volume decreases. Pa-
tients with low levels of disability have reachable volumes on par with that of
the healthy individuals.

Looking qualitatively at the reachable workspace for the healthy and im-
paired subjects (Figures 3-6), we can see that there are distinct changes in the
shape of the reachable workspace with change in Brooke score.

The reachable workspace for the healthy individual matches the reachable
workspaces seen in previous studies [27]. The reachable space respects observed
physiological limitations; the wrist is unable to contact the shoulder centre and
there is a section of space behind the individual that is unreachable.

As the Brooke score increases, the computed reachable workspace decreases.
This decrease is seen most notably in the vertical (y) direction, with the workspace
no longer reaching the top of the head in Figure 5, and being level with the waist
in Figure 6. This gives an indication of what is and is not possible for the indi-
vidual suggesting which patients are able to perform which ADLs.

While the population size used is small, it does suggest that our quantified
measure reachable workspace volume may be an effective method for assessing
patients with FSHD and various other neuromusculoskeletal conditions, poten-
tially characterising performance at a higher fidelity than existing methods.

6.1 Limitations

There are a number of important limitations in both our method and experi-
mental procedure.

To generate our estimate of the reachable workspace, we make two assump-
tions. The first is that each joint can be taken to be independent of another. The
second assumption is that the workspace is only limited by these joint bounds.
These are two significant simplifications of a true system. In biological muscu-
loskeletal structures, there are biarticular muscles whereby muscles span several
joints. As the total length of this muscle is limited, the angles of the joints that it
spans are related to each other. Similarly the shoulder complex has a number of
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physical constraints of the pose of the Gh centre with respect to the torso. Our
second assumption works under the premise that the joint bounds can completely
characterise the reachable workspace. Any workspace reduction due to muscle
weakness is characterised by the respective joint angles and is independent of
end point position.

We also assume that an individual reaches their joint limits when performing
the motion capture task. The computed results for our healthy subjects may
suggest that these joint limits were not seen, resulting in lower than expected
reachable volumes.

Furthermore, these reachable volumes were not scaled to the individual. In-
dividuals with longer arms will have a larger reachable volume given the same
joint limitations. This makes the comparison between individuals using a non-
normalised reachable volume potentially misleading.

Finally this is a sampling based method that relies on finding representative
workspace points through random sampling. This process is computationally
taxing, and does not guarantee that the found volume will accurately describe
the true workspace. While the method provided representative results when com-
pared to the analytical solution in our planar example (Figure 1), this perfor-
mance needs to be accurately evaluated.

6.2 Future work

The work presented here represents our initial findings as part of a larger study.
We seek to apply these methods to a larger population set, within the FSHD
community as well as for evaluating rehabilitative performance. Furthermore,
the repeatability and reliability of these measures needs to be investigated as
well as comparison to the conventional methods for clinical assessment.

In our method we calculated joint bounds ) that were used to represent an
individuals’ abilities. The study of how these angles vary with FSHD progres-
sion, as well as creating assessment measures that combine both joint angle and
reachable volume may help to further quantify performance.

7 Appendix

7.1 Brooke Scale

The Brooke Scale can be summarised as showing in Table 2.
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Table 2: Brooke Scoring for the Upper Limbs[5].

BSrCoOc;l;e Description

1 Starting with arms at sides, abduct arms in a full circle until they
touch above the head.

9 Can raise arms above head only by shortening the arc of motion or
using accessory muscles.

3 Cannot raise hands above head but can raise an 8oz. glass/cup of
water to mouth (using both hands if necessary).

4 Can raise hands to mouth but cannot raise an 8 oz. glass/cup of water
to mouth.

5 Cannot raise hand to mouth but can use hands to hold pen or pick up
pennies from table.

6 Cannot raise hands to mouth and has no useful function of hands.

Fig. 3: Reachable workspace for a healthy subject. Upper extremities are shown
in wire-frame with the reachable workspace shown in blue. Plane projected views

Patient: Healthy_1
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405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449



ECCV-14 submission ID W22-20

Patient: FSHD_1
Reachable Volume: 3.580679E+08 mm>
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Fig. 4: Reachable workspace for Patient 1 with mild FSHD (Brooke 1).
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Fig. 5: Reachable workspace for Patient 3 with moderate FSHD (Brooke 3).
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Patient: FSHD_4
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Fig. 6: Reachable workspace for patient 4 with severe FSHD (Brooke 5).
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