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Abstract—Space suits are crucial to human spaceflight, but can
restrict motion, require additional energy, and increase injury
risk. Previous planetary suits were largely based on flexible
components, which generate additional forces on the occupant
as they resist volumetric changes from flexing components. The
NASA Mark III suit addresses this problem using a Hip Brief
Assembly (HBA), composed of rigid, constant-volume sections
connected by bearings. However, due to the rigid components
and fixed degrees of freedom (DoFs), the HBA and other hard-
component joint assemblies (HCJAs) have stricter bounds on
motion. For example, previous analysis shows that the hip multi-
DoF range of motion (ROM) for an HBA occupant is not well-
aligned with the nominal hip ROM during gait (gait NHROM).

In this paper, a set of methods for describing HCJA geometry
and the effect on occupant ROM is presented. A general-
ized model builds on Denavit-Hartenberg parameterization to
describe HCJA structure, rotation, and surface shape. Also
included is a computational approach to estimate the multi-
DoF ROM for joints of an HCJA occupant, and compare and
score the suit-restricted ROMs against nominal, unencumbered
ROMs.

These models are utilized to analyze HBA geometry and improve
alignment between in-suit occupant ROM and gait NHROM.
A set of design constraints based on feasible geometries and
parameter bounds were devised and used to limit a tradespace
analysis of alternate geometries in the HBA model. The geome-
tries were evaluated and given a ROM score based on occupant
access to gait NHROM. Over 1.3 billion alternate geometries
were tested, with 100 million used to sample the tradespace. Of
these designs, 52,276 met or bested the nominal geometry. The
top-scoring geometry showed a more than sixfold improvement
on access to gait NHROM, as well as a more natural neutral
leg position, a significant increase in adduction range, and
improved kneeling ability. The geometry also performed well
across different anthropometries. The tradespace data set was
used to analyze trends in HBA geometry, suggesting the most
dominant factors behind a high ROM score is the cant angle in
the Proximal and Distal sections.
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1. INTRODUCTION

Extravehicular activity (EVA) space suits (“space suits” or
“suits”’) have been used from the beginning of human space-
flight through the modern day. Many of these suits, including
the currently-used EVA Mobility Unit (EMU) and Orlan
suits, as well as the A7L, the original Apollo space suit, use
flexible materials for the limbs [1]. While flexible limbs can
allow for a great deal of motion, they can cause a problem
with “springback” forces, where the limbs resist motion due
to volumetric changes when the occupant moves [2,3]. These
springback forces can cause a variety of issues, including
reduced mobility and increased energy usage for the suit
occupant [4].

These issues can particularly impact lower limb movements;
Apollo astronauts reported not only great difficulty with
locomotion, but exertion in their thighs to the point of fa-
tigue [5, 6]. Such extensive use of the thigh was likely
connected to motions of the hip used for walking, indicating
the suit hip joint and the gait motion may be particularly
susceptible to springback forces [7, 8].

One alternative to avoid springback forces is hard-component
joint assemblies (HCJAs), where the suit’s degrees of free-
dom are captured by constant-volume rigid components con-
nected by bearings [9, 10]. One example of such a hard-
joint suit is the NASA demonstrator Mark III suit, which
uses a hard-component Hip Bearing Assembly (HBA), shown
in Figure 1, at the hips to allow for more mobility and
mitigate springback forces [10]. However, the HBA (and
other HCJAs) are susceptible to other mobility issues and can
restrict the occupant’s mobility [11, 12]. Movement within
a hard-joint suit is bounded by the geometry and placement
of the bearings [10]. If these bounds are misaligned with
the occupant’s natural motions, they are forced to use “pro-
grammed” motions [13, 14]. Programmed motions, which
can be new and unnatural to the occupant, could increase
injury risk, discomfort, and energy expenditure [14]. For
example, motions with increased circumduction (like many
space suits), have been shown to increase metabolic cost [15].
Addressing these issues, particularly by improving mobility,
could reduce injury risk, discomfort, and energy expenditure
for the astronauts [14, 16].

While the Mark III has much greater mobility than space suits
with flexible limbs, it still forces the users into programmed
motions [17]. In particular, previous research has shown
that the motion envelope of the Mark III occupant’s hips is
misaligned with the hip positions usually used for gait [12].
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Figure 1: Rendering of Mark II1 HBA, with components
and bearings labeled.

As a result, occupants of the Mark III are forced to use
programmed motions for ambulation [13, 17].

This paper presents new procedures to model HCJAs and to
estimate and quantify their impact on the occupant’s range
of motion (ROM). Specifically, a model based on Denavit-
Hartenberg parameters is introduced to describe HCJA ge-
ometry (Section 2), a process to approximate ROM based on
this geometry is demonstrated (Section 4), and a methodology
based on spherical projects is shown to permit quantitative
comparison across multiple dimensions of an ROM in an
integrated manner (Section 4). These methods are used to
explore possible alternate HBA geometries in a tradespace
analysis. The generalized parameterization and model of
HCJAs is discussed in Section 2, and applied to the HBA. The
limits on possible variations of the HBA geometry, bounding
the design space, are determined in Section 3. A method for
scoring the mobility of an HCJA’s occupant based on their
ROMs is detailed in Section 4. Section 5 combines the model,
bounds, and scoring method into a tradespace exploration of
the HBA and discusses those results. The validity of the
results for different anthropometries is tested and discussed
in Section 6. Section 7 suggests possible extensions, while
Section 8 provides a summary.

2. HCJA MODEL

To model HCJAs, several simplifications were made:

o Every HCJA is a simple rigid body tree.

o The HCJA does not include the final component on any
limb (there is always a glove, boot, or other component that
is not part of the HCJA).

o Soft-good components are excluded.

« Motion in the HCJA is ideal, without flexing or bending.
All rotation is around the defined axes.

o Every component edge is a circle in R3.

« There is no overlap between components.

o Components (excluding bearings') are infinitely thin sur-

I Bearings are three-dimensional flat rings with constant heights. They are
not parameterized separately, but have internal and external radii matching
the radii of the edges to which they are adjacent.

faces in R3.

With these simplifications, the shape and structure of the
HCJAs can be described in six parameters per section (d,
0, o, a, r, and 1) plus an additional parameter (h) per
joint. To define the components, the circles which serve as
their edges must be described. We note that that the circles
must lie on a plane normal to the axis of rotation of each
component. The position along this axis and the radii of the
circle then fully describe the edges. The axes of rotation of
the HCJA are described in coordinate frames using Denavit-
Hartenberg (DH) parameters. This parameterization, which
involves specifically defining the coordinate frame axes and
origins, allows for the transformation between the coordinate
frames (including the respective axes of rotation) for each
component to be described in four parameters: 6, a, d, and
a. Subscripts identify the component to which the parameters
belong. For example, for transforming from frame m to the
subsequent frame n, the parameters are 0,,, a,,, d,, and
Q. Using four-dimensional homogeneous coordinates, the
transformation from one frame to another, in this case the
transformation of a point in frame n to the same point in m,
M, 1s

cos,, —sinb,,cosa,, sinb,,sina,  a,, cosb,,
mp sinf,, cos 0.”” coS vy,  —CosBp, sina,, ap,sinb, (1 )
" sin COS Qi m .
0 0 0 1

In this application, 6 are treated as constant and rotation about
the bearings (putting the HCJA in a new “pose”) is shown by
shifting the value of # by ¢, where ¢ is the angle of rotation
of the bearing. Including this representation in Eq. (1) makes
the transformation between frames
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or, separating ¢ into a rotation matrix,

080, —sinf, cosay,  sinf,sina, @, cosb,
sinf,, cosf,cosa, —cosb,sina, a,sné, (3 )
0 sin oy, COS dm M
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cos¢, —sing, 0 0
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T () T, = SO co8gn 00
0 0 01

Examples of the DH parameters can be seen in Figure 2,
showing the HBA with these parameters labeled.

As shown in the example in Figure 2, the coordinate frame
origins do not necessarily align with the physical joints of the
suit. The z-axis of the coordinate frame (Z,, for frame m,
defined similarly for Z and §) runs through the center of each
corresponding physical joint. The location of the component
edges can be specified by describing a position along this
axis. Components of the HCJA do not have an overlap in
this model, so the edges of the two adjacent components lie
in the same plane normal to this axis. The position of this
plane is specified with an h,, /, parameter, where m and n
indicate the indices of the two components meeting at that
joint. Examples of the h parameters can be seen in Figure 2.

As edges are assumed to be circles centered around the z-axis,
they can be defined by the radii (7,,; and r,,;, corresponding
to the top and bottom edges). For component m with
component n distal to it and component / proximal to it, the
top edge can be given by

T'mt COSD
o Tt SIN
i) = | 4
1



and the bottom edge by
Tmb COS P
my m Tomb SN
bun(p) = " T | 0 8

In both Egs. (4) and (5), p is a parametric variable describing
the functions of the edges. It does not have a defined value
or significance between the equations. The pre-appended
superscript in the expressions indicates the coordinate frame

in which the vectors are being expressed. For example, if l;m
was instead described in frame n (note that b, is coplanar
with t,,), it would be

T'ynp COS P

T'mb SIN P

"By (p) = (©6)

m/n

1

These equations and parameters fully describe the edges and
movement of each component of the HBA. Surfaces between
the edges can be generated to represent the physical shapes
of the components. (For more detailed implementation of
surfaces, see [18].)

Unlike the other parts, bearings are not treated as flat surfaces.
Instead, they are defined as flat rings with a height of /,,, /,,
where m and n are the components to which the bearing is
adjacent. The bearing has internal and external radii equal
to the radii of the edges of components m and n to which it
connects. The bearing’s top edge is coplanar with the joint
(P, along 2, from the origin of frame m), so the bottom
edge is I, /,, further along 2,,,.

3. HBA DESIGN CONSTRAINTS

The geometry model described in Section 2 was applied to
the HBA, yielding the values listed in Table 1. By modifying
the values of these parameters, different HBA geometries can
be achieved. However, to explore this question efficiently,
constraints are needed to ensure feasible geometry. For the
HBA, constraints were created for the Briefs and for the
Proximal and Distal Sections. These constraints can be found
in Tables 2 and 3, respectively. Some of these constraints
contain limits. These limits were sourced from the current
HBA geometry or were created to allow for a wide range of
possibilities, subject to reasonable limits.

Beyond these geometric constraints, parameter bounds were
determined to define and limit the design space of HBA
geometries. These bounds, summarized in Table 1, were
chosen in an attempt to balance computational feasibility
of the space, a large design space, and physical reasoning.
Both these bounds and the constraints above were used in the
tradespace exploration in Section 5.

4. HCJA ROM MEASUREMENT AND
COMPARISON

A generalized method to score different HCJAs was devised,
and applied to measure and compare different HBA geome-
tries within the bounds in Section 3. This scoring method
treats the Suited and Unsuited multi-dimensional ROMs of

Table 1: Table of bounds on HBA parameters, with units
and nominal value.

Parameter | Units | Nominal | Min Max
hg/l m 0 0¢ o¢
1t m 0.232 0.2324 | 0.2324
aq m 0.032 -0.125%| 0.1252
dy m -0.106 -0.2¢ ob
01 rad 2.793 zc 3xe
o rad | -0908 | —3ra | Zxa
hy/2 m -0.128 -0.25°¢ ob
T1p m 0.134 0.1344 | 0.1344
Tot m 0.158 0.1584 | 0.158¢
as m 0.005 -0.1¢ 0.1°
do m -0.103 -0.2¢ ob
02 rad T 74 4
1o rad -0.398 -5t 34
hays m -0.087 -0.25¢ ob
Top m 0.128 0.1284 | 0.128¢
3¢ m 0.140 0.140¢ | 0.1404
as m 0 -0.1¢ 0.1¢
ds m -0.090 -0.2°¢ ob
03 rad 0 0d 0d
Qg rad -0.404 —-5° 53¢
hs;4 m -0.1 -0.25 ob
730 m 0.114 0.1149| 0.1144

2 This bound is outside the limits on the parameter established by
geometric constraints and thus does not prevent consideration
of any viable geometries.

b This bound ensures proper structure.

This bound limits the exploration space to improve computa-

tion time, but all possible geometries are preserved.

The parameter of this bound was held constant in tradespace

exploration, so the lower and upper bounds were the same.

This bound was selected to give a large exploration space that

is still tractable.

o

the occupant’s relevant joint as regions on the surface of
the unit sphere. The area of the overlap of these regions
(maximally, equal to the Unsuited ROM) is a proxy for how
severely that joint is restricted by the suit. This section will
describe estimating these regions for Unsuited and Suited
ROM s using unit vectors in R? (these correspond to points
on the unit sphere surface). The procedure for comparing
these unit-vector-defined regions to generate the ROM score
is also detailed, as well as the application of these methods to
the HBA.

Unsuited ROM

The Unsuited ROM is the control for the comparison method
described later in this section. It is the nominal ROM for the
occupant’s joint corresponding to the HCJA, when unsuited
and unencumbered. The Unsuited ROM of the joint can be
calculated either for specific tasks (such as the ROM of the
hip used during gait, the ROM of the knee used in kneeling,
the ROM of the wrist used in sample collection, or similar
definitions) or for the joint’s entire possible motion envelope
(the full range angles of the shoulder, hip, wrist, or other joint
usable when unsuited). In either case, the ROM bounds must
be described as unit vectors.
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Figure 2: Mark IIT HBA with model parameters and edges labeled.

Table 2: Table of geometric constraints on HBA Briefs.

Constraint Motivation

Formula

For comfort and util-
ity, leg should point
forward, outward, and
down.

Direction

0

o = O O

0
1
0
0

Leg hole bearings must
not be too near top
edge, and Briefs must
not be too tall.

Height Vp €

[0,27), =0.3m < | b1 (p) -

o = O O

Leg hole bearings must
not be too close to each
other.

Lbi (p) -

Vp € [0,27),

To avoid forcing abduc-
tion, leg holes must fall
within the circle of the
top edge.

Width

-

e o,2m), | (16 ()

The exact method of conversion to unit vectors depends on
the manner in which the ROM is initially described. For
example, if the ROM is initially described as a set of positions
in R? that the relevant limb can adopt, this representation
is equivalent to the unit vectors necessary for comparison
(though normalization may be required). However, most
data will likely be in less convenient formats. One common
method of describing ROM in literature, which will serve
as our example, is a pair of angular ranges indicating the
maximum and minimum angles for the human joint in two
different degrees of freedom (DoFs) [7, 19]. This repre-

sentation can also be applied to a three-DoF joint, like the
human hip, if one of the DoFs is neglected. For the HBA
analysis in this paper, internal and external rotation—rotating
the knee and foot without moving the thigh-was ignored,
instead considering just the position of the knee relative to
the hip. A unit vector (representing the relevant limb) can
be rotated by these angular bounds to create the unit vectors
defining the boundaries of the Unsuited ROM. In this case,
we will convert hip position angular ranges for nominal gait
to an Unsuited ROM.



Table 3: Table of geometric constraints on HBA Proximal and Distal Sections. The expressions hold for n € {2, 3}.

Constraint

Motivation

Formula

Length

Long components will
limit movement and
worsen fit.

0 0

Angle

Occupant’s thigh will
not fit if there is too
sharp an angle between
planes of top and bot-
tom edges.

Skew

If top and bottom edges
are too far apart com-
pared to their planes
(too skewed), the occu-
pant’s limb will not fit
through.

0 0

0
hnfl/n
1 1

1:3

0
0| x| 1, < T
1

1:3

Height

If the top and bottom
edges overlap one an-
other’s planes, fit will
be impossible.

Vp € [0,27), () | < hneiym

o = O O

Gap

Edges cannot be too
close to one another, to
allow space for bear-
ings and structure.

th [07 27T) ) Vpb € [Oa 271—) P

n{n(pt) - ngn(pb)H 2 lmin

Table 4: Extreme hip angles for human gait (in °). Signs

added to indicate direction.

Direction | Maximum | Converted
Ypex | Flexion 40 -40
Yext | Extension 10 10
¥ | Abduction 5 5
1 | Adduction 10 -10

definitions of Unsuited ROM. This approach prevents the
occupant’s experience or strategy from influencing the esti-
mated Suited ROM.

The Suited ROM could be based on experimental data or
gathered from literature, but that may not be feasible for a
tradespace analysis, rapidly iterated design process, or similar
endeavor. Instead, a general approach to estimating the Suited
ROM for an HCJA with arbitrary geometry was developed.

The values for angular bounds of hip position during gait,
shown in Table 4, were sourced from the Clinical Gait
Analysis Normative Gait Database [20]. The resting limb
(the thigh, in this case) is represented by a unit vector in the
—Z direction. This vector is rotated about the z-axis by the
ab/adduction bound angles, then rotated about the (original)
y-axis by the flexion/extension bound angles, to give the
unit vectors representing the four “corners” of the Unsuited
ROM. (This approach differs from the standard established
by the International Society of Biomechanics (ISB), where
rotation is intrinsic instead of extrinsic and flexion/extension
is applied before ab/adduction [21].) These corner unit
vectors are as follows:

—sin ¢ext COS Yaq —sin qpﬂex COS Yaq
Sin g , Sin ¥,q , 7
— COoS wexl Cos wad — COs "/]ﬂex Ccos ql}ad

Sin Yap Sin Yy
— COS Yfiex COS Yap — COS Yex( COS Yyp

[— Sin Ygex COS wab] [— Sin 9ex; COS ¢ab]
i , and .8

Suited ROM

The Suited ROM is the envelope of the motions available
to the occupant when limited by the HCJA. Unlike its Un-
suited counterpart, the Suited ROM always describes the
total motion envelope available to the occupant’s joint. The
total ROM is used for Suited ROM even with task-based

The estimation is approached by simulating the occupant’s
limb inside the suit across the space of possible poses, and
testing for intersection between the limb and suit.

The limb is critical to this estimation, as it allows the dis-
counting of HCJA poses where the occupant’s body would
intersect the HCJA. The simulated limb models the body part
immediately distal to the relevant human joint (e.g., for the
HBA, we consider the thigh). For every HCJA pose, the limb
has two properties necessary to estimate the Suited ROM: a
set of line segments indicating the limb’s shape and a pair of
points indicating the limb’s orientation (a base point and a tip
point, both in the global frame). For a given limb, the posi-
tions of these points and lines must be entirely and uniquely
specified by the HCJA pose. The vector between the base
and tip points in each pose is used to describe the orientation
of the limb (and thus the position of the human’s joint) to
estimate the Suited ROM. The line segments representing the
limb surface are used to test for intersection between the leg
and the HCJA.

For example, in the HBA, the simulated limb was the thigh,
with a base point at the hip and a tip point at the knee. As
shown in Figure 3, the base point was the upper bearing
centroid and the tip point was a constant position’ in the
Distal Section frame. The same figure shows how the thigh
was approximated with eight line segments spaced evenly
around a truncated cone. The cone’s axis runs between the

2The position can be described as 374 [0m  O0m  —0.376 m]7 and was

based on the nominal Mark IIl HBA geometry.
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Figure 3: Mark III HBA with simulated thigh.

Table 5: Dimensions of simulated thigh used in HBA

ROM analysis.
Dimension Value (cm) ANSUR # or Equation
Thigh Circumference 62.40 #78
Knee Circumference 40.80 #60
Thigh Radius 6.95 9T (Thigh Circumference)
Knee Radius 5.52 02 (Knee Circumference)

hip and knee points, with circles at each end centered on and
normal to the axis. The radii of the circles, shown in Table 5,
were calculated from values® in the 2012 Anthropometric
Survey of U.S. Army Personnel (ANSUR 1I) [22].

Using the simulated limb, the Suited ROM is estimated by
considering the space of possible HCJA poses and noting the
positions where the limb and HCJA do not intersect. The
space of possible poses is a set of Np,r angular ranges
between 0 and 27, where Np,r is the number of DoFs or
bearings in the HCJA. Each of these ranges indicates the
angular displacement of a bearing, but testing the full range
of each bearing is unnecessary and increases computational
complexity. The angles considered for each DoF can be
limited based on the feasibility of possible motions of the
suit’s occupant and the purpose of the ROM measurement.
For example, when testing an ROM score, only the overlap
matters, bearing positions which would only generate Suited
ROM points far from the Unsuited ROM can be discounted.
The Np,r angular ranges can thus be limited and then
sampled for computational simplicity. For each joint n, there
will be an upper and lower bound on this range, ¢,, min and

350th percentile male values used. Radii converted from circumference
using i with a scaling factor to account for compression of soft tissue.

®n,max, and the angles sampled will be separated by increment
A¢,,. The Suited ROM is estimated using poses created from
these sampled angles, testing every combination of one from
each set of sampled angles (the total number of poses is the
product of the cardinalities of the sets).

For each of these tested poses, the limb is simulated and its
line segments are tested for intersection with the surfaces
of the HCJA (sourced from a .STL file or the model in
Section 2). If there is no intersection, the orientation of
the simulated limb in this pose is considered to be within
the Suited ROM and the vector corresponding to the limb’s
orientation (expressed in the global frame) is recorded. This
process is repeated for each HCJA pose sampled from the
space of possible poses. The set of non-intersecting vectors
recorded across the space of possible poses are normalized
to unity. These unit vectors correspond to points on the
surface of the unit sphere, which provide samples of points
inside the Suited ROM. This set of points can be converted
to a specific shape on the unit sphere surface using a slight
variation on the ROM scoring process below. However, for
ROM comparison, the shape does not need to be calculated—
only these points/vectors from sampled poses are required.

Suited vs Unsuited ROM Comparison

To assess the impact of an HCJA on the occupant’s multi-
DoF (MDoF) ROM, the Unsuited and ROM can be compared.
The Unsuited ROM should be in the form of a set of unit
vectors that define a shape on the unit sphere surface, cor-
responding to the limits of the relevant human joint’s ROM
when unencumbered. The Suited ROM is also represented
by a collection of unit vectors, which are samples of feasible
occupant limb positions of the occupant when wearing the
HCJA. These ROMs can be compared by converting the
scattered points of the Suited ROM into a bounded shape, and
comparing this shape to the Unsuited ROM. A quantifiable
metric termed the “ROM score” is defined. The ROM score
is proportional to area of the overlap between the Unsuited
and Suited ROM shapes. When there is no overlap, the score
is zero. The maximum ROM score is the original Unsuited
ROM area, presented as a value normalized to the surface
area of the unit sphere. We begin with the unit vectors of
the Suited and Unsuited ROMs, illustrated in Figure 4a. The
procedure is as follows:

1. Rotate Suited and Unsuited ROM Vectors: To avoid
geometric distortion, the Suited and Unsuited ROM vectors
must be rotated away from spherical coordinate singularities
(the “poles” or +z-axes). Any rotation (or set of perpendic-
ular rotations) that moves the overlap area (or, ideally, all of
both ROMs) so that it does not cross a pole will work, as long
as it is consistently applied to both the Suited and Unsuited
ROMs. The process here demonstrates a method used for
the HBA with an Unsuited ROM simply defined as angular
bounds on two DoFs, but similar approaches can be used to
find the rotation bounds for any Unsuited ROM.

We must find a rotation, which we will define to be angle p
around the y-axis in the negative direction, that moves the
Suited and Unsuited ROM vectors away from the —z sin-
gularity, but is not so large as to make the ROMs intersect
the +z singularity. The Unsuited ROM for the HBA spans

angles4 from —gex to Yexe around the positive y-axis, so the
rotation p must fall between —tex; and 7 + Vgex.

4This assumes all vectors point towards points in the lower unit hemisphere.
If that is not the case, this approach still works, but z;, and Tmax are no
longer the values to use. The value of the angles more than 90 degrees must
be considered.



(a) Unsuited ROM region (blue) and Suited ROM points (red) on unit

sphere.
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(c) ROM mapped from unit sphere to spherical coordinates.
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(e) Shapes for area calculation generated from Suited ROM points.

(Point colors indicate clusterings.)

(b) Unit sphere ROM rotated away from singularities at the poles.

w
1

N
o
T

NN
~ o
T

N
[N}
T

[N)
T

Vertical Angle \ (radians)

g b o - . .
-0.5 0 0.5 1 1.5 2

Compressed Azimuthal Angle ¢’ (radians)

(d) Spherical coordinate ROM proportions corrected using equal-area
sinusoidal projection.
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(f) Unsuited and Suited ROM shapes, with overlap in yellow.
(Score is area of overlap.)

Figure 4: Steps to calculate ROM score.



The equivalent angular bounds for the Suited ROM must
be generated from the data. We discount Suited ROM vec-
tors with significant y-coordinates, as no p value will bring
them near the poles. We instead consider vectors with y-
coordinates that satisfy sin ¢y, > y > sin,q. (If there are no
such vectors, there is no overlap. The ROM score is 0.) We
can say these vectors span an angular range of arcsin xp;,
to — arcsin Ty, from the —z singularity, where the = vari-
ables are the least and greatest z-coordinates in the subset.
The rotation p must therefore be between — arcsin zpj, and
T — arcsin Tyax.

The value of p must fall within the rotational bounds estab-
lished for both the Suited and Unsuited vectors, so we have

£ > Pmin = Max (— arcsin (Tmin) , —Vext) ©)
and
P < Pmax = min (7 — arcsin (Tmax) , ™ + Ypex) - (10)

A value must then be selected between these bounds. The
suggested value is 20% of the range away from pp;,, to
minimize rotation but be sufficiently far from the bounds. In
other words, p = pmin + 0.2 (Pmax — Pmin)- The selection of
the rotation is shown in Figure 5. Every vector in the Suited
or Unsuited ROM is rotated by p around the negative y-axis
(or —p about the positive y-axis). Examples of these rotated
vectors can be seen in Figure 4b.

2. Convert to Spherical Coordinates: The now-rotated
vectors of the Suited and Unsuited ROM are converted to
spherical coordinates. As 6 and ¢ are already used in this text,
we will use a convention where ) is inclination (measured
from the zy-plane), £ is azimuth, and r is length. (All vectors
under consideration are normalized, so length r is ignored.)

For a given unit vector o = [z ¥

according to
r =22+ y?%+ 22, an

z
A\ = arccos — = arccos z, (12)
r

T .
z]", conversion follows

and
¢ = atan2(y, z). (13)

To ensure there is no issue with the discontinuity from atan2,
the range of £ can be adjusted based on the position and shape
of the ROMs. For example, it could be adjusted to go from

—5to 37” by incrementing all values of § < —7 by 2. With
the length constant, the vectors are now expressed as points
in two dimensions, as shown in Figure 4c.

3. Sinusoidal Projection: With the conversion to spherical
coordinates, the regions on the sphere are now projected
to a two-dimensional map to estimate the overlapping area.
There are several projections that can be used (exactly like
there are many map projections), with some variants causing
distortions that we want to eliminate [23]. The approach used
here to avoid distortion is similar to the sinusoidal projection,
an area-preserving projection [24]. We scale the & component
(offset from an arbitrary middle point) by the sine of the
A component. The middle point selected is the mean of
all £ values for all vectors in the Suited ROM, g suic. All
vectors in both ROMs retain the same relative position to
each other, but move towards ji¢ i near the “poles” of the
spherical coordinate system. In other words, for every vector
u = (&, \), there is a transformation to v’ = (¢, \) by the
rule

5/ = (E - ,LLE,suit) sin A + He suit - (14)

A shape formed by parts which have undergone this transfor-
mation will have a Cartesian area proportional to the area of
the original shape on the unit sphere surface. The effect of
this projection can be seen in Figure 4d.

4. Define Polyshapes for ROMs: With ROM vectors ro-
tated, transformed, and projected, the actual comparison can
proceed. If there are 10 or fewer (this boundary was selected
by trial-and-error) valid points in the Suited ROM, the code
returns an area overlap of zero. Otherwise, it continues as
described here.

Shapes were created using MATLAB’s polyshape functional-
ity. However, certain HCJA geometries produce unconnected
areas of points within the ROM. To prevent the creation of
inaccurate “bridge” areas, a cluster analysis was performed
on the set of (¢, )\)-encoded Suited ROM points, using
MATLAB’s evalclusters function. A k-means clustering
algorithm with a silhouette clustering evaluation criterion was
used. Clustering is attempted for a cluster number from 1 to
5, and the optimal number is found by the function, using the
criteria established by MATLAB [25].

For each of the clusters identified (shown in Figure 4e), the
points in the cluster are considered and an attempt is made
to form a sub-shape. The boundary points of the cluster
are found using the boundary function with a consistent
“shrink factor” of 0.8. This value was found by trial-and-
error to produce a tight-fitting edge that represented the shape
well. If the boundary command returns a list of three
or more points, a shape is created from these points using
MATLAB’s polyshape function. Otherwise, the sub-shape
is discarded. To ensure good meshing with other sub-shapes
(as the clustering algorithm does sometimes divide one large
group into smaller groups), the shape is then ‘“buffered,”
creating a rim around the shape. This is achieved with the
polybuffer function, and the distance of buffering is set to the
square root of the area of the shape (calculated using the area
function), scaled by 0.02. The shape is then simplified using
the polyshape simplify function, to remove duplicate vertices
and crossing edges.

The process is applied to each cluster. Using the union
function, the resulting shapes from each cluster are combined.
If all clusters are tested, and no clusters have produced valid
boundaries and shapes, all sub-shapes are non-valid and the
ROM score is 0. A polyshape object is also calculated from
the transformed vectors of the Unsuited ROM. The generated
polyshapes can be seen in Figure 4e.

5. Calculate Overlap Area: The overlap between the
polyshape objects representing the Suited and Unsuited
ROMs is found using MATLAB’s intersect function for
polyshape objects. This returns a new polyshape object that
is the intersection, or overlap, of the two ROMs, as shown
in Figure 4f. The area of this overlap polyshape is found
using the area function. This area indicates the Suited and
Unsuited ROMs overlap. The overlap area, scaled by the

surface area of the unit sphere, ﬁ, is the ROM score.

5. HBA TRADESPACE EXPLORATION

By varying the parameters in Section 2 within the bounds
described in Section 3, different alternatives to HBA geom-
etry could be explored. These geometries were scored in
terms of gait ROM using the methodology in Section 4. Even
with the focus limited to the human hip ROM and the HBA
geometry parameterized into a thirteen-dimensional space,
the space of possible HBA geometries is complex to explore.



Min p

Figure 5: Derivation of rotation p for separating ROM vectors from spherical coordinate singularities.

Red and pink dots are points in the Suited ROM. Blue box is the Unsuited ROM. Red dots are points in the Suited
ROM relevant to rotation, and red lines show maximum/minimum points in that group (those most limiting the overall
rotation). Blue lines show maximum/minimum points for the Unsuited ROM. Black dotted lines show overall
maximum/minimum points (from both ROMs), used to find rotation range (maximum/minimum values of p). Green
arcs show rotation range and selected rotation, p.

The impact of the parameters on the ROM score is highly
nonlinear, with many local minima and maxima. These issues
preclude an optimization approach. Instead, to explore the
tradespace and understand how ROM score variations, the
HBA geometry was sampled at a number of points and the
ROM was analyzed for each.

Initial experiments indicated that the Briefs parameters (11 /2,
a1, di, 01, and o) had little or no effect on ROM score—
alternate geometries were either invalid or had a near-
equivalent ROM score. For the tradespace exploration, these
were held constant at their nominal values, to allow for the

other parameters to be explored in more depth. To explore
this tradespace, the remaining eight parameters assumed ten
values between the bounds listed in Table 1, including the
value of the parameter in the nominal HBA. These values
can be seen in Table 6. With a set of nested loops, every
combination of parameter values was tested. If a geometry
was invalid, by breaching any of the geometric constraints
described in Section 3, that geometry was discarded. Geome-
tries were also tested for an additional condition necessary
for reasonable fit: in the suit’s neutral position, the knee
point of the simulated thigh had to be in front of the hip
point. Geometries that were deemed viable had structures and



Figure 6: Top-performing HBA geometry.

surfaces generated according to the model in Section 2 and
their ROMs scored as detailed in Section 4. This approach
was implemented in MATLAB.

Several simplifications were also made. For efficiency, only
the Briefs and Proximal and Distal Sections (as well as
middle and upper bearings) were tested for intersection with
the simulated thigh in Suited ROM estimation. The HBA
components modeled were treated as symmetric across the
sagittal plane. Only the left side was tested and given an ROM
score. All bearings were assumed to have a thickness of one
centimeter.

Of the 10® = 100 million combinations of parameter values
explored, 1,487,254 had a viable geometry. Of these, 52,276
geometries had an ROM score greater than or equal to the
nominal HBA. For efficiency, the tradespace exploration was
initially performed at low-fidelity; specifically, the edges of
each component had 10 points, and the positions of the suit
were checked by moving bearing angles by 15 degrees. For
accuracy, all geometries which scored equal to or greater than
the nominal HBA were then re-simulated at medium fidelity:
the edges of each component had 20 points, and the positions
of the suit were checked by moving bearing angles by 5
degrees. The 1000 top-scoring geometries in medium fidelity
of these were then re-simulated once more at high fidelity: the
edges of each component had 50 points, and the positions of
the suit were checked by moving bearing angles by 2 degree
increments. This process ensured potentially high-scoring
geometries were not missed.

The HBA geometry with the highest ROM Score (measured
in the high-fidelity simulation) of those explored used the
parameters indicated in Table 6 and the geometry itself can
be seen in Figure 6. The ROM score of this top-scoring suit
geometry compared to the nominal can be seen in Table 7.
The ROM of the nominal and top-scoring geometries them-
selves can be seen in Figure 8.
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Figure 7: ROM of top-scoring and nominal geometries in
terms of ab/adduction and flexion/extension.

As can be seen in both Table 7 and Figure 8, the top-
performing HBA geometry has a much better alignment
with the gait ROM than the nominal case. The top-scoring
geometry permits markedly more adduction, allowing the oc-
cupant’s feet to be placed closer to the sagittal plane (running
through the body midline) or even in line with one another.
This increased adduction, along with the greater overlap
with the Unsuited ROM, should allow occupants to have a
more natural gait. The top-scoring geometry also makes the
Unsuited ROM extension range more accessible, due to the
increased overlap. Furthermore, the ROM of the top-scoring
geometry includes the leg’s neutral position (straight down,
indicated by the black star in Figure 8), allowing for a more
natural neutral stance. Finally, as shown in Figure 7, the top-
scoring geometry allows a much greater range of kneeling or
squatting motions, which are important in planetary explo-
ration. In the nominal geometry, any motion that requires
flexion of more than 40 degrees requires at least 10 degrees
of abduction. The top-scoring geometry can reach over 50
degrees of flexion with zero abduction.

In addition to finding new, high-scoring options for suit
geometry, the large data set from the tradespace exploration
permits analysis of geometric trends in the HBA. While all
suits considered had two joints, it is possible to understand
the effect of having only one joint by considering the ge-
ometries where the rotational axes were collinear—those that
have adjacent aligned bearings. A summary of the statistics
affiliated with the ROM scores for geometries with adjacent
aligned bearings is shown in Table 8. It is clear these ge-
ometries score much lower than the HBA geometries overall.
The maximum and mean scores of geometries with adjacent
aligned bearings are less than 10% of the maximum and mean
scores of the geometries as a whole. The HBAs with adjacent
aligned bearings are effectively a single DoF, which creates a
greater limitation on the Suited ROM. Therefore, the designs
with adjacent aligned bearings would likely have significant
impact on occupant mobility. This result supports previous
results that locking a bearing in the HBA would drastically
reduce ROM [12].

The data set was also analyzed to determine the factors that
have greater influence on higher ROM score. A Partial Least
Squares Regression (PLS) was applied to the data from the
tradespace study. The low-fidelity data were used, to capture
the entire tradespace. The predictors used were the eight
parameter variables that were varied in the refined tradespace
study, and the responses were the ROM scores. The number
of components was set at eight, equal to the number of
variables. The Variable Importance in Projection (VIP) score



Table 6: Values explored in tradespace.

Values Explored
hy /o (m) -0.128%°
a1 (m) 0.032:
di (m) -0.106%
61 (deg) 16020
ay (deg) -52.0%0

hg /3 (m) | -0.250 | -0.219 -0.188 | -0.156 | -0.125° | -0.094 | -0.087% | -0.063 | -0.031 0.00
az (m) -0.100 | -0.075 -0.050 | -0.025 0.00° 0.005* 0.025 0.050 | 0.075 0.100
d2 (m) -0.200 | -0.175 | -0.150° | -0.125 | -0.103* | -0.100 -0.075 | -0.050 | -0.025 0.00

oz (deg) -90.0 -67.5 -45.0° -22.8% -22.5 0.00 225 45.0 67.5 90.0

hga (m) | 0250 | -0.219* | -0.188 | -0.156 | -0.125 | -0.100* | -0.094 | -0.063 | -0.031 0.00
a3 (m) -0.100 | -0.075 -0.050 | -0.025 0.00? 0.00 0.025 0.050 | 0.075 | 0.100
d3 (m) -0.200 | -0.175 -0.150 | -0.125 | -0.100 | -0.090* | -0.075 -0.05 | -0.025 | 0.00°

a3 (deg) -90.0 -67.5 -45.0 -23.12 -22.5 0.00° 225 45.0 67.5 90.0

2 Value of parameter in nominal HBA.
b Value of parameter in top-performing HBA.
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Figure 8: Suited high-fidelity ROMs of top-scoring and nominal HBA, compared with Unsuited ROM.



Table 7: Summary of ROM Scores for nominal and
top-scoring geometries, across various levels of modelling

fidelity.
Nominal | Top-scoring
Low-fidelity 0.0017 0.0086
Medium-fidelity 0.0023 0.0135
High-fidelity 0.0023 0.0144
ROM Score % improvement - 526.1%

Table 8: ROM score statistics from HBA geometries with

adjacent aligned bearings versus all geometries.

ROM Score Stat Set 12 Set 2° All
Quantity 61,722 118,028 | 1,487,254
Min 0 0 0
Max 0.0017 0.0018 0.0122
Mean <0.0001 | <0.0001 0.0002

2 Set of geometries with ap = a2 = 0.
b Set of geometries with az = a3 = 0.

was then determined from the loading matrices, to measure
the impact of each parameter. The resulting VIP scores can
be seen in Table 9.

The VIP scores of parameters ap and a3 were both sig-
nificantly greater than unity, indicating they were the most
influential on the ROM score of a given suit geometry. Top-
scoring suits (such as the one in Figure 6) have a Proximal
Section which is canted outward from the sagittal plane, and a
Distal Section which is canted back towards the sagittal plane.
When both angles are large, there is an “out-in” geometry
which could be a key factor in the higher scores. The larger
angles of the components allow for more of the unit sphere to
be accessed, and the magnitude of the angles appears to allow
greater adduction, a key factor in high ROM scores, given the
location of the Unsuited ROM.

6. ANTHROPOMETRIC ANALYSIS

The tradespace analysis in Section 5 suggested novel geome-
tries and interesting trends, but these data were generated
using a specific suit scale and parameters based on the 50th
percentile male anthropometry for thigh and knee circumfer-
ence. For this design to be valuable, it must be applicable

Table 9: VIP scores from PLS on HBA parameters and
tradespace ROM scores.

Parameter | VIP Score
hos 0.6479
as 0.1173
ds 0.5790
o 2.0748
h3/4 1.0127
as 0.1672
ds 0.3192
s 1.3308
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Table 10: ANSUR measurements used to test geometry
over varying anthropometry.

Values by ANSUR Number
Sex | Percentile | 78 (m) | 60 (m) | 50 (m) | D29 (m)
5 0.5270 | 0.3470 | 0.3110 0.3400
2 25 0.5790 | 0.3770 | 0.3360 0.3630
g 50 0.6130 | 0.3980 | 0.3530 0.3790
B 75 0.6510 | 0.4220 | 0.3700 0.3950
95 0.7110 | 0.4650 | 0.4000 0.4180
5 0.5320 | 0.3590 | 0.3080 0.3640
° 25 0.5860 | 0.3870 | 0.3290 0.3900
E 50 0.6240 | 0.4080 | 0.3440 0.4080
75 0.6620 | 0.4290 | 0.3610 0.4270
95 0.7230 | 0.4630 | 0.3870 0.4580

across a wide range of anthropometries. To understand the
design’s practicality for astronauts of different sizes, the top-
scoring suit geometry was tested over a variety of different
anthropometries and suit scalings. To accomplish these tests,
the ROM-scoring algorithm from Section 4 was adapted.

Configurations

Each configuration tested was defined by five variables. Four
of these were based in anthropometry: Thigh Radius, Knee
Radius, Thigh Length, and Hip Center. However, the fifth
variable was a scaling parameter for the suit dimensions, as
the unscaled top-scoring geometry might not fit a very small
or very large astronaut, while a linear scaling of the design
might provide an improved fit by this metric.

The anthropometric variables were based on measurements
from ANSUR II [22]. Four sets of ANSUR measurements
were used:

o Thigh Circumference, based on ANSUR measurement #78
(Thigh Circumference), used to calculate the Thigh Radius
and Hip Center values;

¢ Knee Circumference, based on ANSUR measurement #60
(Lower Thigh Circumference), used to calculate the Knee
Radius value;

o Hip Breadth, based on ANSUR measurement #50 (Hip
Breadth), used to calculate the Hip Center value; and

o Thigh Length, based on ANSUR derived measurement
#D29 (Thigh Link), used as the Thigh Length value.

For each measurement, the 5th, 25th, 50th, 75th, and 95th
percentiles were considered, for both males and females,
resulting in two groups of five values in each set (Table 10).

Thigh Length was directly defined through the ANSUR
database. Thigh and Knee Radii were calculated using the
same formulas in Table 5. The Hip Center was estimated as

1
Hip Center = i(Hip Breadth) — (Thigh Radius).  (15)

To consider how the geometry might be adjusted for astro-
nauts of different sizes, scaled versions of the top-scoring
geometry were tested. The exact scalings that should be
used could be considered as part of an analysis in fleet-
sizing (see Section 7). This work, however, is concerned
with whether such geometries could work, as opposed to the
ideal scaling. As such, nine specific scaling factors were
considered: 0.85, 0.9, 0.95, 0.98, 1, 1.02, 1.05, 1.1, and
1.15. In each configuration, all linear dimensions of the suit



geometry (including radii, bearing thicknesses, a, h, and d)
were scaled by this value.

Every combination of these factors was considered, with
2 (sex) x 9 (scaling factor) x 5% (anthropometric factors) =
11,250 configurations total. The top-scoring and nominal
suit geometries were tested for all configurations, using the
medium-fidelity method described in Section 5.

After all configurations were considered, each set of sex,
anthropometry, and geometry was assigned an overall ROM
score equal to the highest ROM score of that set across
all scalings. This was used to consider the best-case for
each set, and to approximate a well-fitted suit for the given
anthropometry, sex, and geometry.

Modifications for Varying Anthropometry

Every configuration was tested using the ROM-scoring algo-
rithm in Section 4. To accommodate the varying anthropome-
tries, two modifications were made. In particular, the knee
and hip points used to define the simulated leg were adjusted
based on the anthropometry of each configuration (instead of
statically defined points).

The hip point of the simulated leg was assumed to fall in
the same xz-plane as the hip point in the original algorithm,
based on the location of the upper bearing. However, the
position of the hip point along the y-axis was adjusted based
on the anthropometry in each configuration. By assuming the
suit’s occupant was centered in the suit, the y-coordinate of
the hip point was set as the Hip Center value. In other words,
the hip point (in the Briefs frame) can be found as

1 000 0
_ 00 00 0 . "
P = 00 1 0 T, haja + (Hip Center) 4. (16)
0 0 01 1

Note that this formula is places the hip point a distance of
Hip Center (calculated in Eq. (15)) from the sagittal plane,
but keeps the = and z positions equivalent to those as used in
Section 4.

The location of the tip of the simulated leg, the knee point,
was also calculated differently. In the original algorithm,
it was a specific distance along the z-axis of the fourth
(Distal) frame, based on the nominal Mark IIT HBA geom-
etry. While computationally efficient, this meant the length
between hip point and knee point changed between suit
geometries. To modify this calculation for a specified Thigh
Length, the knee point is re-calculated for each position. This
point is chosen as the point along the z-axis of the Distal
frame that lies a distance from the hip point equal to the
Thigh Length. Mathematically, the knee point falls at the
point 3pi(y) = 3Ty [0 0 —v 1}T (in the Distal Section
Frame), where the ~ variable can be found by setting Thigh
Length equal to the distance between the points, expressed as

|| L5 (y) — 1ﬁhH so that
Thigh Length = || T2.J (¢2) 2T5.7 (¢3) *pr(7) — ‘5| . (17)
By noting

124
0

15 15 1=
Tod (¢2) *Tad (93) *Ta = | o 4 Bl as

1

so that 'px(y) = '@ — 7124, we can solve Eq. (17) by
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Figure 9: Anthropometries with ROM scores less than
0.002, by sex and geometry. Green circles show
anthropometries with ROM scores greater than or equal
to 0.002, red crosses show anthropometries with ROM
scores less than 0.002. Some points have both, indicating
for that combination of Thigh Radius and Hip Breadth,
some anthropometries fit and some failed.

rewriting it as

(Thigh Length)* = |‘(5ﬁ—7124”2 19)

where 6p' = gy — ( 1ﬁh)1:3. Eq. (19) can be simplified to an
easily solvable quadratic:

(05 - 0p) — 2v(37 - 24) +~+* = (Thigh Length)*.  (20)

This solution was used in the modified ROM-scoring algo-
rithm to enable a specified fixed length.

Results for Varying Anthropometry

Assuming a minimal ROM score of 0.002 (roughly the nomi-
nal suit’s ROM score for the 50th percentile male parameters)
for a geometry to fit an anthropometry, the top-scoring suit
design fit 1,030 of the 1,250 anthropometric configurations
(5% 625, for each sex), while the nominal geometry fit
1,042. Across both geometries and sexes, the anthropome-
tries which failed were largely those which had a large Thigh
Radius and a small Hip Breadth, as can be seen in Figure 9.

While the nominal geometry fit more anthropometries, the
top-scoring geometry outscored it in most cases. Across
all anthropometric and sex-based configurations, the top-
scoring geometry had the greater score in 1,116 of the 1,250
configurations (Figure 10). Figure 10 also shows that there
is a maximum ROM score of 0.178, which occurs when the
Suited ROM area entirely contains the Unsuited ROM area,
making the ROM score equal to the Unsuited ROM area,

scaled by 7-.

These tests indicated the top-scoring geometry (Figure 6)
remains robust over varying anthropometry. However, the
linear scalings used may not be appropriate or realistic for
all anthropometric combinations.
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Figure 10: ROM scores for nominal and top-scoring
geometries for each anthropometry configuration. Black
line shows equal scores.

7. LIMITATIONS AND FUTURE WORK

The approach and results in this paper were limited by, among
other things, computational complexity. Simplifications were
made (such as those listed in Section 2) and some effects were
not considered. For example, the simulated thigh used to
calculate the HBA’s Suited ROM assumed constant positions
of the knee and hip, causing the length of the thigh to vary
based on suit geometry and knee position.’ Similarly, the
rolling convolute of the HBA (a joint affixed to the lower
bearing that allows for small amounts of hip ab/adduction)
was not modeled. In the physical suit, this joint (and the
motion of the occupant relative to the suit) would allow for a
range of occupant leg positions per pose, not just one. There
is also an opportunity to adapt the definition of fit and ROM
scoring to determine new geometries.

Future work should address these and other simplifications.
As an example, when considering the different anthropome-
tries, the method was adapted to force a fixed thigh length.
Another opportunity is to use a more nuanced approach to
leg compression (instead of applying a reducing factor to the
leg radii), which could further improve estimation and be
used to model human-suit interaction. Additionally, allowing
component radii to vary and considering the motion of the
rolling convolute and the suit occupant could allow for more
accurate estimation. The model itself could also be extended,
by parameterizing the overlap of the different components
and modelling components with non-zero thickness, includ-
ing the structure of the suit necessary to support the bearings
or fulfill other suit requirements (e.g., pressure, thermal, or
safety). Similarly, the ROM calculation could be expanded
by considering the motion paths within the ROMs, not just
discrete unit vectors.

5This variation was addressed in the anthropometric analysis in Section 6,
but was too inefficient to use in the main tradespace.
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The work in this paper could also be applied to other prob-
lems. In particular, re-running the tradespace analysis using
variations in scale and anthropometry could be used to find
a geometry that scores well over different body types, rather
than identifying a geometry and then testing it for different
occupants. While scalings other than linear may show better
results, linear scaling could still be used for this analysis,
as the non-linear variations between parameters could be
contained in the various entries in the parameter tradespace.
Additionally, applying this model on such anthropometric
variations could be a useful tool for fleet sizing of space
suit components, and could even be part of a more-complex
tradespace analysis. The model and ROM scoring method can
also be applied to joints other than the hip and HCJAs other
than the HBA. Space suits with HCJAs at locations other than
the hips (including suits with rigid components over the entire
body) have been considered in the past [9], and this work
could be extended to understand their impact on mobility.
Mobility is not the only factor that should be considered,
however. One especially useful extension or modification
of this work would be one that considers other suit metrics
such as mass and cost. These could be combined into a more
complex objective function and the tradespace could be re-
explored.

8. SUMMARY

Soft-component space suits (such as the Apollo space suit)
are susceptible to springback forces caused by changes in vol-
ume. An alternative is using hard-component joints assem-
blies (HCJAs), like those used in the Hip Bearing Assembly
(HBA) of the Mark III suit. However, the rigid components
in HCJAs act as bounds on motion, which can restrict the
mobility of the suit’s occupant. This research developed a
way to describe and study HCJAs and their effect on the
occupant’s range of motion.

A method of modeling the geometry of HCJAs was developed
in Section 2 based on Denavit-Hartenberg parameters, with
parameters added to account for the size and placement of
component edges and bearings. This model allows for de-
scription and parameterization of HCJAs, resulting in easier
design iteration and simulation. In Section 3, this model
was applied to the HBA, and the parameters were used to
develop design constraints and parameter bounds. A system
to find and describe the range of motion (ROM) of an HCJA
occupant’s joint was described in Section 4, as well as a
method of comparing it to the occupant’s unencumbered
mobility. The approach considered human-suit interaction
as well as the different kinematic arrangements of the suit.
This method allows for rapid and efficient estimation of the
impact potential suit designs may have on the occupant range
of motion.

The model, constraints, and ROM scoring method were com-
bined and used to explore possible alternate geometries of
the HBA, as described in Section 5. Many geometries scored
above the nominal HBA, indicating the geometry could be
redesigned to allow for more mobility in terms of gait.
Among these, the top-scoring geometry was highlighted, with
its ROM compared to that of the nominal HBA, as well as to
the ROM necessary for gait. The proposed design increased
the ability to kneel by increasing the flexion that could occur
without abduction. The tradespace data set also indicated
one-joint suits would severely limit hip mobility and the
angles of the Proximal and Distal Sections were the driving
geometric factor behind larger ranges of motion. The high-



scoring geometry was shown to peform well across varying
anthropometries, as shown in Section 6.
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