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Abstract
Introduction: Movement disorders, such as
Cerebral Palsy, prevent children from fully de-
veloping their motor coordination abilities re-
ducing their quality of life. Trunk control is a
core coordination competency but there is lim-
ited variety in sitting based therapies. This pa-
per investigates a theorised trunk support de-
vice for children which uses a system of elas-
tic ropes and pulleys to support and prevent
them from falling whilst they perform trunk
control training exercises in a seated position.
The aim of this study is to understand the me-
chanical properties required to ensure this de-
vice behaves safely and predictably. The de-
vice is considered safe if it prevents the child
from falling and predictable if it always pulls
the child towards an upright seating position.
Additionally, it was investigated if the mechan-
ical properties could be satisfied by off-the-shelf
components and two possible pulley systems
were compared.
Methods: To theoretically test if this device
concept could meet the three criteria, a MAT-
LAB simulation was written. A genetic opti-
mization was then used to find the least strin-
gent mechanical properties that still satisfy the
three criteria. Off-the-shelf components that
satisfy the mechanical properties were then
found.
Results: Both pulley systems satisfied the
safety and predictability criteria. Moreover,
the necessary mechanical properties could be
satisfied by off-the-shelf components, though
some design modifications may be required. Ul-
timately, the configuration involving shorter
ropes was determined to be the better option
as it had less stringent mechanical requirements
and potential design modifications would likely
be easier to implement.
Conclusion: This study concluded that the op-
timised device, theoretically, shows good per-
formance and seems practical to build. Future
work is required to design a harness that would
allow a child to comfortably train with the de-
vice.

1 Introduction
1.1 Movement Disorders in Children
Cerebral Palsy is the most common cause of movement
disorders and affects between two and three out of 1000
births. This figure can increase to 40–100 per 1000 pre-
mature births in babies born with low birth weight [1].
Whilst Cerebral Palsy is a developmental condition, ge-
netic diseases such as Down’s Syndrome and trauma such
as a spinal cord injury can also weaken muscle function.

Many of these conditions are chronic and their symp-
toms can only be alleviated but generally not corrected
completely [2]. Symptoms, however, can be improved
through physical training to improve muscle function [3].

1.2 Current Training Protocols
Therapy aims to improve the child’s muscle coordination,
strength, and endurance. The broad goal of therapy pro-
grams is to allow the child to perform key functional abil-
ities including sitting upright, standing, and walking [2].
Before being able to stand or walk, the first key func-
tional ability is sitting upright without support [4,5]. To
achieve this, children must have control over their trunk
muscles to be able to orient and balance themselves in
this posture [6]. Currently, there are four broad training
therapy techniques that target trunk control [2, 3, 7].

The first therapy technique for training trunk control
is to use physical exercises to engage trunk muscles to
improve strength and coordination. One example is hav-
ing a child sit whilst a therapist asks them to lean or
move to catch a ball. During this exercise, another ther-
apist supports the child with their hands where neces-
sary [8,9]. Another option is to use suit-and-cage therapy
where the child wears a suit with a variety of mounting
points. These mounting points are attached with elastic
ropes to a large cage that partially surrounds the child.
The ropes are configured by the therapist to support the
child during training whilst the therapist engages with
the child [10–13]. Alternatively, hippotherapy involves
children riding horses and relies on the rhythmic motion
of the horse’s walking pattern as an external stimulus
to train trunk muscles. Robotic devices are slowly also
penetrating the field of trunk control rehabilitation. A
robotic imitation of hippotherapy is available [14–16] as
well as a novel technique called Trunk-Support-Trainer
(TruST). With the TruST device, a patient sits in the
center of the device and wears a harness that is attached
to a set of stiff ropes guided by a pulley system. These
ropes are actuated by electric motors to provide either
assistive or resistive forces to allow for a more dynamic
training session and provide a greater challenge or more
support depending on the needs of the patient [17,18].

The theorised device analysed in this study targets
a gap in the market between the suit-and-cage therapy
and the TruST robotic system. The device has a similar
support strategy as the TruST device, where the patient
is seated and is supported by ropes guided by a pul-
ley system, but uses a passive system based on elastic
ropes similar to the suit-and-cage equipment. Using a
completely passive system is expected to result in the
theorised device being cheaper than the TruST system.
Additionally, the suit-and-cage method has many dif-
ferent elastic elements that must be adjusted to each
patient. Whilst this makes the system highly adaptable,
adjusting these elements for each child can be time con-
suming leading to therapists having less time to train
with the child. Since the support system is predefined,
this restricts adjustments to only certain parameters in
the case of the theorised device. This is expected to
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(a) Three interconnected ropes configuration (b) Three separate ropes configuration

Figure 1: Three-dimension models of the two tested rope configurations. Both images used parts similar to the off-the-shelf
components that were found to suit the mechanical requirements found by this paper. These parts can be found in Appendix
E.3.

improve the speed adjustments can be made.

1.3 Device Concept

The device concept proposed in this paper involves sup-
porting a child using a system of elastic ropes and pul-
leys. The child would be seated in the center of the de-
vice and would wear a harness to which the elastic ropes
could attach to (see Figure 1 for the two configurations).
The aim of this device is to support the trunk of a child,
preventing them from falling, whilst they conduct trunk
training exercises led by a therapist.

The main support structure of the device is made up
of three evenly spaced columns that surround the child.
With one column directly in front of the child, a three-
column design allows for a nearly 120° region between
ropes within which the child could move their arms freely
(see Figure 2a). This allows the device to interfere as
little as possible with the child’s exercises.

There were two rope configurations theorised during
the conceptualization of the device. The two options are:
i) Three interconnected ropes, and ii) Three separate
ropes configurations. The three interconnected ropes
configuration involves having both ends of the rope con-
nected to a mounting point on the harness. This is done
by routing each rope through a set of pulleys that take
the rope from one harness mounting point to another
(see Figure 1a). The three separate ropes configuration
involves one end of each rope being connected to the
harness and the other end connected to a mount, rather
than a pulley, at the top of the column (see Figure 1b).
Though more rope configurations may exist, these op-
tions offered two highly plausible configurations.

(a) The green arcs indicate
nearly 120° regions within
which the child’s arms could
move freely without contact-
ing any ropes.

(b) The three colors of arrows
indicate the three degrees of
freedom the patient can move
their torso in whilst staying
seated in the device.

Figure 2: Top down view of the theorised device highlighting
different considerations of the design.

1.4 Device Requirements
To allow children to conduct physical therapy exercises
as freely as possible, the device is designed to allow chil-
dren to lean forward up to 40°, backward 22.5°, and
medio-laterally 22.5°. The design also allows a child to
twist their torso up to 45°. These degrees of freedom
represent the safe workspace in which a child can safely
move within when in the device (see Figure 2b for repre-
sentation of the degrees of freedom and Table 2 for the
range of the workspace). It was difficult to determine
an exact workspace to target as each patient can have
very different abilities. However, after consulting with
an expert in the field, it was estimated that these values
would provide a more than adequate range of motion for
children to train within.
The device was designed for children between the ages
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of three and eight-years-old as these younger patients
are better able to develop further than older ones [19].
Additionally, though suit-and-cage therapy is primarily
for younger children, the TruST system is targeted to-
wards adults hence leaving room in the market for a
child focused tendon based device. However, as chil-
dren within these ages can vary greatly in body propor-
tions and weight, upper and lower limits were selected.
Hence, the smallest and lightest child was selected to be
a three-year-old female in the lowest 5th percentile of
children. Conversely, the largest and heaviest child was
an eight-year-old male in the highest 95th percentile of
children. The specific values for the different anthropo-
metric measures are listed in Table 1 and are sourced
from the DINED Anthropometric database [20]. Only
data for Dutch children was contained in this database
hence only this population has been considered.

Anthropometric
Measure

3YO
Female 5th

Percentile

8YO Male
95th

Percentile
Unit

Standing
Height 0.93 1.42 m

Weight 14 35 kg
Waist

Circumference 0.43 0.81 m

Arm Length 0.66 1.04 m
Sitting Head

Height 0.53 0.75 m

Sitting
Shoulder
Height

0.32 0.47 m

Seat Height
(Knees at 90°) 0.22 0.40 m

Table 1: Anthropometry data for the two children represent-
ing the smallest and largest children included in the design
of the trunk support device [20].

To accommodate for different sizes of child, an ad-
justable seat and harness are needed, however, both the
seat and harness are considered outside the scope of this
paper due to their complexity. For this paper, the seat is
assumed to be adjustable in height to allow any child to
sit comfortably in an upright position with their knees
at 90° and their feet placed flat on the floor. The harness
is assumed to be cylindrical in shape with three evenly
spaced mounting points around its outer circumference
(see Figure 1). This harness design would allow it to
be attached at different heights along the child’s torso.
However, to focus the analysis of the paper, it was as-
sumed that a harness height of 75% along the child’s
torso would be approximately where the harness would
most likely be mounted (effect of harness height is inves-
tigated in Appendix C).

What is within the scope is alteration of the stiff-
ness of the ropes, the pre-tensioning within the ropes,
and the upper pulley/mounting offset. These three vari-
ables impact how the device reacts to the position of the
child and are the primary variables that will be investi-
gated within this paper. The ranges for rope stiffness,
the pre-tensioning within the ropes, and the upper pul-
ley/mounting offset were determined by estimating max-
imum and minimum values that provided a broad range
to analyse (see Table 2).

Condition Minimum Maximum Unit

Safe Workspace
Medio-lateral

Lean ±22.5 °

Anterior-
posterior Lean 22.5 (post) 40 (ant) °

Twist ± 45 °

Range of Mechanical Properties
Rope Stiffness 1 2000 N/m

Pre-tension 0 200 N
Upper Pulley/-
Mounting Offset -0.1 0.7 m

Table 2: Boundaries of the workspace the child can move
within and key mechanical properties that can be manipu-
lated to adjust the behaviour of the device.

In order to avoid children getting their fingers caught
in the pulley mechanisms, the distance of the columns
from the child must be determined. This was done by
using Equation 1 which determines the maximum hori-
zontal distance the largest child could stretch their hands
whilst staying within the workspace.

Rsafe = Lt · sin 40 +Rt · cos 45 + La + 0.1 (1)

40° and 45° correspond to the largest leaning forward
and twisting amount allowed within the workspace. Lt

is the length of their torso, Rt is the radius of their torso
used in this case as the breadth of their shoulders, and
La is the length of their arm. Finally, a safety margin
of 0.1m is added and the result is rounded up resulting
in a distance of 1.54m (Figure 3 represents the variables
used to calculate the safe radius). This value is used as
the distance the columns radiate out from the center of
the child’s torso in an upright sitting position.
1.4.1 Defining Safe and Predictable Device Behaviour
Broadly, the device is considered safe and predictable
when it always provides a force that moves the child
towards an upright seating position. Furthermore, the
device is safe when the child is also unable to overpower
the device and push beyond the safe workspace. Data
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Figure 3: The different measurements used to determine the
minimum safe radius from the center of the child’s torso to
the forward column. One variable that is not visible is the
twist angle of 45° which corresponds to the twist of the torso.
See equation 1 for how these factors are combined.

on the amount of force children can generate with their
torso muscles was lacking, hence, it was estimated that
the force children could generate is proportional to the
weight of their upper bodies (See Equation 2).

Ω = 2(0.65mg · sin 40 · 0.626Lt) (2)
This strength value is referred to as “opposition

strength” (Ω) and is based upon how much torque a child
must generate to statically support their body when
leaning forward at 40° multiplied by two1. m is the to-
tal mass of the child, g is the acceleration of gravity
(9.81m/s2), and Lt is the length of their torso. Multiply-
ing by two serves as a safety factor, 0.65 represents the
percentage the upper-body makes up of the total weight,
40° represents the child leaning forward to the edge of
the workspace, and 0.626 represents the percentage up
the child’s torso at which the center of mass is located
for the child’s upper body. The percentage of the total
mass the upper-body makes up is based on information
for able-bodied children [21]. The location estimate of
the upper body’s center of mass is based on the location
of an adult upper body’s center of mass as this informa-
tion could not be found for children [22]. Figure 4a shows
the different anthropometric measures used to calculate
Ω.
The device is considered predictable when, at every

location, the child is pulled towards an upright seating
position. To allow for some margin of error, the motion
of the child toward the upright position should not de-
viate more than 5° at any location. A representation of

1Ω represents a torque as the child’s torso is modeled as
an inverse pendulum as explained in section 2.1.

this can be found in Figure 4b.

(a) Opposition
strength anthropo-
metric variables and
forces.

(b) Looking from above, this shows
how a safe and predictable device
will always bring the child towards
an upright seating position.

Figure 4: Representations of safety and predictability criteria
for the device.

1.5 Research Question
In this paper, a solution that lies between the suit-and-
cage-based therapy and the TruST solution is theorised,
designed, optimized and evaluated through simulations.
As this is the first work analysing this kind of passive
device, fundamental questions about the performance
and physical feasibility of the device must be answered.
Namely, what are the mechanical requirements which
ensure the safe and predictable behaviour of a novel,
passive, tendon-based trunk support device designed for
children with movement disorders? This question re-
sults in two further sub-questions. The first asks can
off-the-shelf components be found that satisfy the me-
chanical requirements? The second compares two possi-
ble rope configurations to determine which one offers a
safer and more predictable device that has the least rig-
orous mechanical requirements. To answer these ques-
tions, a MATLAB simulation of the device was written
to understand how the device would react to the child
leaning at different positions. To determine which me-
chanical properties to use for the two configurations, a
genetic optimization was written to determine the least
demanding mechanical properties that still satisfy the
safety and predictability criteria.

2 Methods
To determine if the safety and predictability of the device
can be achieved across the range of included child ages,
mechanical properties for both the three-year-old (5th

percentile female) and eight-year-old (95th percentile
male) children must be identified for both rope con-
figurations. Consequently, this results in four scenar-
ios to test: i) the three-year-old in the interconnected
ropes configuration, ii) the three-year-old in the separate
ropes configuration, iii) the eight-year-old in the inter-

4



connected ropes configuration, and iv) the eight-year-old
in the separate ropes configuration.

Code was written to analyse these four scenarios and
involves three key components; the model of the child,
the simulation of the device, and an optimization algo-
rithm to determine mechanical properties for each sce-
nario that satisfy the safety and predictability criteria.
A key metric analysed to understand if the device has
satisfied the criteria is the net torque vector. The net
torque vector is a result of all the forces generated by the
device acting on the child as well as the force of gravity
acting on the child. The location these forces act upon
the child’s torso are taken into account thus resulting in
a vector (process explained in section 2.2). This metric
is used to understand the direction the child would move
at any location within the workspace. This code quan-
tifies safety and predictability with two criteria. The
device is safe when the net torque acting on the child
along the boundary of the workspace never falls below
110% of the child’s opposition strength. The device is
predictable when net torque at all locations directs the
child within 5° of a direct path to the upright seating
position.

2.1 Child Model
Each child is modeled using the Patient class (see Ap-
pendix F.5). This class takes the inputs of age, height,
weight, waist circumference, and opposition strength.
Age is used to match the rest of the child’s anthropo-
metric measures found in Table 1. The torso of the
child is modeled as a rigid inverse pendulum with the
mass of the child’s upper body, head, and arms mod-
eled as a point mass. This point mass is estimated to
be 62.6% along their torso’s length and 65% of the to-
tal body weight explained in section 1.4.1. This inverse
pendulum moves about a fixed point located on the sur-
face of the chair and allows for three degrees of free-
dom. This approach allows the modeled child to lean
anterior-posteriorly and medio-laterally and twist their
torso. Though this method does simplify the motion of
the torso, it provides a base from which to understand
how the device reacts to the child leaning with certain
postures.

2.2 Device Simulation
The function “sim_device” (see Appendix F.2) is the
component of the code that simulates the device. The
code takes key mechanical properties of the device, rope
configuration being simulated, child being modeled, and
lean/twist information as input in order to simulate the
device. With these inputs, the simulation of the device
can happen in seven steps (see Appendix A for a detailed
explanation).

The first step involves determining the locations of key
points in three-dimensional space using anthropometry
data of the modeled child (see Table 1) and the mechan-
ical parameters of distance from the child to the support
columns, upper pulley/mount offset, and rope configu-
ration. Key points include the location of the columns,

pulleys, harness mounting points, and the child’s center
of mass and center of rotation. With spatial information
determined, information about the ropes can be calcu-
lated in step two with Equations 3 and 4.

l∆ =
T0

K
(3) Lu = L0 − l∆ (4)

The stretched rope length is found by calculating the
distance of the path taken by each rope (L0) (see red
lines in Figure 1). Using the given pre-tension value
(T0) and rope stiffness (K) and assuming the ropes are
linearly elastic materials, the elongation length (l∆) is
calculated using Hooke’s Law (see Equation 3) [23]. Af-
ter this, subtracting l∆ from L0 will give the unstretched
rope length (Lu)(see Equation 4). From here, step three
involves rotating the child and harness points, based on
the given lean and twist inputs, around the center of
rotation. A three-dimensional rotation matrix in XYZ
order was used as this seemed to generate more realistic
lean locations (see Appendix A). For step four, the new
harness locations are used to determine the new lengths
of each rope. This is then used to calculate how much
tension is within the ropes with Hooke’s Law. Then, the
new tension within each rope (T1) can be used to calcu-
late the net force vector acting on each harness mounting
point (F⃗h) using Equations 5 and 6.

f̂h =
P⃗s − P⃗h

∥P⃗s − P⃗h∥
(5) F⃗h =

n∑
i=1

T1,i · f̂h,i (6)

For each rope, the unit vector of the displacement vec-
tor between a harness point (P⃗h) and the correspond-
ing upper pulley/mount location (P⃗s) is calculated (f̂h).
This will give the direction in which the tension in the
rope is acting. This unit vector is then multiplied by
T1 to get the force vector from that rope acting on the
harness mount. If there are multiple ropes attached to a
harness point, the force vector for each rope is summed
to get the net force vector (F⃗τ ). Additionally, the force
vector of gravity acting on the child’s center of mass is
also calculated based on the weight of the child’s up-
per body. With F⃗τ acting on each harness mounting
point and gravity acting on the child’s torso known, they
can be decomposed into trunk-parallel forces (F⃗p) and
torque-generating forces (F⃗τ ) using Equations 7 and 8.

F⃗p =
F⃗h · V⃗t

∥V⃗t∥2
· V⃗t (7) F⃗τ = F⃗h − F⃗p (8)

To find F⃗p, the projection of F⃗h onto the vector parallel
to the trunk (V⃗t) is used. V⃗t is taken as the displacement
vector between the center of rotation and the center of
mass of the child when leaning. The trunk-parallel forces
at the harness points are used as a mechanical require-
ment that a future harness design must be able to sus-
tain. F⃗τ is found by getting the remainder of the force
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vector acting on the harness point from F⃗p with Equa-
tion 8. Finally, the net torque vector acting on the child
(τ⃗net) can be calculated with Equation 9.

τ⃗net = Lh · (F⃗τ,l + F⃗τ,r + F⃗τ,f ) + 0.626Lt · F⃗τ,g (9)

First, the net torque-generating force on the harness
is found by summing the torque-generating components
acting at each harness point (F⃗τ,l, F⃗τ,r, F⃗τ,f for the left,
right, and front harness forces respectively). This is then
multiplied by the length from the center of rotation to
a harness point (Lh) to find the torque they collectively
generate. Then, the torque generated by gravity is found
by multiplying the length between the center of mass and
center of rotation (0.626Lt, seen section 1.4.1) to the
torque-generating component of the gravity force (F⃗τ,g).
Then, these two products can be summed to find the net
torque acting on the child (τ⃗net). The net torque vector
is the main metric used to understand the behaviour of
the device by indicating which direction the child would
move at any given lean and twist posture. Note that
the net torque vector does not follow the standard right-
hand rule for denoting torques [24]. Instead, the net
torque vector aligns with the direction of the force vec-
tor acting on the child’s torso, but the net torque vector’s
magnitude still represents the net torque (see Figure 5).
This approach was taken as the most important informa-
tion to understand from the net torque is which direction
will the child be moved in. Thus, this assumption about
how the torque is denoted is expected to help the device
simulation code run faster.

Figure 5: This figure shows how the standard right-hand
rule torque vector depiction (orange arrow) compares to the
convention of the torque vector used in this paper (green
arrow) [24]. The orange and green arrows have the same
magnitude however the torque vector convention used in this
paper follows the same direction as the force vector (red ar-
row) acting on the lever arm. All torques discussed in this
paper follow the convention depicted by the green arrow.

2.3 Genetic Optimization
The goal of the genetic optimization is to determine the
least stringent mechanical properties required to make
the device safe and predictable. The three mechanical
properties to be determined are the rope stiffness, pre-
tensioning, and upper pulley/mount offset. The opti-

mization followed the process seen in Figure 6 is con-
ducted separately for the four child and rope configura-
tion scenarios.

Figure 6: Cycle of the genetic optimization. Vbest is the low-
est cost for an individual found up until that point. Vmin is
the generations lowest cost individual. γ is a count of the
number of generations passed in which a new lowest individ-
ual has not been found.

First, a generation of 100 individuals is created with
each individual assigned values for rope stiffness, pre-
tensioning, and upper pulley/mount offset. These me-
chanical properties are used to simulate the given child
and rope configuration at five positions of interest (high-
lighted by red dots in Figure 8a). These positions of
interest were selected as key points to analyse the per-
formance of the device. The three points where the child
leans left, backward, or right 22.5° are used to check if
the device is safe as they represent locations where the
net torque vector, on the boundary of the workspace, is
weakest. The device is safe when the child cannot over-
power the device with their opposition strength at any of
these positions of interest. The positions where the child
is leaning forward at 40°, left at 22.5°, and twisting their
torso clockwise or counterclockwise 45° are used to gauge
if the device is predictable. These positions represent the
furthest distance the child can be from an upright seat-
ing position hence they are the location most likely to
have the largest deviation. If the net torque vector at
these points does not point toward the neutral position
then the device is not considered predictable.

With the results of the simulation for each position of
interest saved, key parameters are run through the cost
function (discussed in section 2.3.1) to calculate that in-
dividual’s cost. The individual with the lowest cost for
that generation (Vmin) is compared to the lowest cost
individual found by the code so far (Vbest). If Vmin is
greater than Vbest, then the count for the number of
generations passed without a new lowest individual (γ)
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is incremented. Before the cycle continues, if γ is found
to be greater than 100 then the optimization is consid-
ered to have converged as 100 generations have passed
without a new lowest individual. The mechanical values
that resulted in Vbest are then used as the mechanical re-
quirements for the child and rope configuration scenario
being optimized for. If γ is not greater than 100, then the
optimization cycle continues until this threshold is met.
If Vmin is less than Vbest, then Vbest is set equal to Vmin,
γ is set to zero, and the optimization cycle continues.

2.3.1 Cost function steps
The cost function is used by the genetic optimization to
check if an individual results in a safe and predictable
device and assigns them a cost. This is done using a
linear sequence of logic checks and a cost equation (see
Figure 7).

Figure 7: Logic sequence and cost equation that make up cost
function. G is the global multiplier, τmin is net torque with
the lowest magnitude, Ω is the child’s opposition strength,
and θτ⃗max is the angle of deviation between the net torque
vector and a direct path to an upright seating position.

The logical checks compare the net torque vectors at
the five points of interest to see if they meet the safety
and predictability criteria. To influence the cost of an
individual (V ), each logic check will alter the global mul-
tiplier variable (G). This variable is used to promote
or demote individuals depending on whether they meet
safety and predictability criteria or not. If G is below
one then the individual will have met both safety and
predictability criteria. Otherwise, one or more of safety
and predictability criteria were not met. The global mul-
tiplier is initially set to one so as to start with a neutral
value.

The device is considered safe when the child cannot
overpower the device. To quantify this, the location of
interest with the net torque of the lowest magnitude

(τmin) is compared to the child’s opposition strength
(Ω). If τmin is less than 110% of the child’s opposition
strength, then using the individual’s mechanical proper-
ties makes the device too weak and unsafe hence G is
set to infinity. If the net torque is greater than 120% of
Ω, then the system is considered to be too strong. The
global multiplier, however, is multiplied by 100. This
result, though not ideal, would highlight that the op-
timization could not achieve the safety criteria if this
individual turned out to be the best option. Finally, if
the net torque lies between 110% and 120% of the child’s
opposition strength then the system is considered to be
safe but still well tuned to the child’s strength. This in-
dividual is given an incentive with G being divided by
ten.
Next, the predictability of the device is evaluated. For

this, the position of interest which results in a net torque
vector (τ⃗net) that deviates the most from a straight line
that runs from the child’s current position to an up-
right position (D⃗t) is checked. D⃗t is perpendicular to
the child’s torso. This angle of deviation (θτ⃗max) is cal-
culated using Equation 10.

θτ⃗max = arccos
τ⃗net · D⃗t

∥τ⃗net∥·∥D⃗t∥
(10)

Once this is determined, there are three possible con-
ditions θ may satisfy. If this value is lower than 5° then
this is considered to be pointing in a predictable direc-
tion and G is divided by ten. If the angle is greater than
20° then this is considered to be poorly directed and un-
safe. G is thus set to infinity. If θ lies between these
two angles, then the individual solution is considered
not ideal. However, is still kept a possible solution in
the case no individual is able to satisfy the ideal criteria.
G is multiplied by 100 to reflect this.

The resulting global multiplier is then fed into the cost
equation. This will result in the cost of the individual ei-
ther being set to infinity, preventing the individual from
being a candidate, promoting the individual, or demot-
ing them whilst still keeping them as a possibility. The
cost equation is made of four components: the global
multiplier, the individual’s rope stiffness (K) and pre-
tension (T0) values, and the maximum trunk-parallel
force calculated (Fp). The individual’s rope stiffness
and pre-tension values are generated by the optimization
script. The maximum trunk-parallel force is included as
this should also be as low as possible to make it easier
to design a harness for the device. This value is squared
to increase the effect of larger trunk-parallel force val-
ues as the upper limit of what this number could be is
unknown.

A genetic optimization was used over other optimiza-
tion techniques as it offers a technique that is more effi-
cient than a grid search yet is not too susceptible to local
minima [25]. Though it is possible to develop an indi-
vidual function to describe the entire device and thus
use a gradient search optimization technique, it would
require a substantial rewrite of the code. As some of the
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code was still being developed and tweaked, a genetic
optimisation was seen as an accessible optimization im-
plementation for this paper.

2.3.2 Optimization Verification
To conduct the safety and predictability analysis, the
genetic optimization for the four scenarios do not fall
within a local minima. To ascertain this, the optimiza-
tion for each scenario was run through the optimization
cycle ten times. After this, the result with the lowest
cost was selected as the best solution for that scenario.
The ten results were also used to analyse if the output
variables were consistent by inspecting means, medians,
and standard deviations of values for the cost, rope stiff-
ness, pre-tension, upper pulley/mount offset, lowest net
torque magnitude and worst directed net torque vector
of any positions of interest, and the maximum trunk-
parallel force.

2.4 Analysing the Four Scenarios
Once an optimization is conducted for each of the four
scenarios (three-year-old and eight-year-old child in both
the interconnected and separate ropes configuration),
their results are verified with force field plots. Each
force field plot corresponds to the amount the child’s
torso is twisted. Within each plot, the green arrows rep-
resent the net torque vector (τ⃗net) acting on the child at
that posture. To accurately depict the three-dimensional
net torque vectors on a two-dimensional plot, the vector
must be transformed. This is done using equation 11.

τ⃗net,2D = ||τ⃗net||
τ⃗net(τx, τy)

||τ⃗net(τx, τy)||
(11)

The unit vector of only the x and y components of
the net torque vector (τ⃗net(τx, τy)) are multiplied by the
magnitude of τ⃗net to get a new, two-dimensional vector
(τ⃗net,2D). τ⃗net,2D is ultimately what is plotted in the
force field plots. These plots are visually analysed to
confirm that all net torque vectors point towards the
neutral seating position, highlighted by a blue dot. If
so, then the result is verified as safe and predictable.

Additionally, sensitivity analysis was conducted on
each of the four scenarios to see how they would re-
act when poorly configured. This was done by modi-
fying rope stiffness and pre-tension from those produced
by the optimization2. Both these mechanical properties
were varied by ±20% to produce eight combinations of
rope stiffness and pre-tension settings. A force field plot
for each mechanical property combination was created
to gauge how well, qualitatively, they would conform to
the safety and predictability criteria. Only a 0° twist an-
gle was used as adding more force field plots would make
displaying the data visually confusing and, whilst twist

2Rope stiffness or pre-tensioning modulation were the fo-
cus of this section as upper pulley/mount offset did not have
a large impact on device performance for values above 0.3 m.
Hence, to ensure that the analysis is clear, modulating the
upper pulley/mount offset was not included.

angles do have some impact on the force field plot, a 0°
twist angle provides a good idea of the overall system
response. It is hypothesised that these other combina-
tions may not adhere to the safety criteria but should
still adhere to the predictability criteria.

2.5 Determining Mechanical Requirements
Once the four scenarios were found to be safe and pre-
dictable and not highly sensitive to changes in rope prop-
erties, then material requirements can be identified and
products that satisfy these requirements can be sourced.
The two most important requirements are the rope stiff-
ness and maximum tension values. Other mechanical
requirements investigated can be found in Appendix D.
Furthermore, trunk-parallel forces acting on the harness
are also valuable to analyse as they would have a signif-
icant impact of the future design of the harness.

2.5.1 Comparing the Two Rope Configurations
Once all other analysis is completed, the two rope con-
figurations will be compared to try and determine which
configuration is best suited to the use case of the device.
The first comparison will compare if the rope configu-
rations, for both children, successfully passed the safety
and predictability criteria. The better rope configuration
is able to pass both of the criteria with both children. If
both rope configurations pass all criteria for both chil-
dren, then what differences remain will be qualitatively
analysed.

Next, comparisons between the material requirements
will also be conducted to understand which configura-
tion requires the lowest mechanical properties. If one
configuration has higher mechanical requirements then
that configuration will be considered worse. This is es-
pecially true in the case where off-the-shelf components
cannot be found for one configuration but can be found
for another.

3 Results
Table 3 shows the results of the optimization for each
of the four scenarios (three-year-old and eight-year-old
child in the interconnected and separate ropes configu-
rations). The value of the best result, means, and me-
dians were all similar numbers and the standard devi-
ations were small with no outliers found. These results
indicate that the outputs across the ten optimization cy-
cles were consistent and indicates a global minima has
been found. Additionally, all optimization cycles were
able to converge on results that satisfied the safety and
predictability criteria (no net torque vector on the edges
of the work space has a magnitude of less than 110% of
the child’s opposition strength and all net torque vectors
are never more than 5° off a direct path to an upright
seating position).

3.1 Safe and Predictable Device Response
Looking at the force field plots (Figure 8), it was clear
that each child and rope configuration condition was safe
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Variables
Three Interconnected Ropes Three Separate ropes

UnitsThree-year-old Eight-year-old Three-year-old Eight-year-old
Value Mean Median SD Value Mean Median SD Value Mean Median SD Value Mean Median SD

In
di
vi
du

al
s Cost 235.9 236.9 237.0 0.6 1913.8 1919.7 1918.3 4.9 63.5 63.6 63.5 0.1 805.9 811.8 813.5 4.1 -

Rope Stiffness 753.3 748.4 748.0 7.9 1219.8 1221.1 1223.8 15.9 745.3 747.7 746.8 3.6 1693.9 1694.8 1695.1 5.8 N/m

Pre-Tension 45.0 45.6 45.5 0.8 110.0 109.8 109.3 3.5 107.4 107.1 107.2 0.6 158.8 158.2 158.3 1.6 N
Upper Pulley/Mount

Offset 0.478 0.477 0.478 0.003 0.413 0.414 0.414 0.005 0.700 0.700 0.700 0.000 0.459 0.455 0.455 0.003 m

Si
m
ul
at
io
n
R
es
ul
ts

Maximum Tension 220.4 219.8 219.7 1.1 566.2 566.6 567.1 2.8 251.1 251.2 251.2 0.2 675.4 675.1 674.9 1.4 N
Minimum Workspace
Boundary Torque

Magnitude
24.9 24.9 24.9 0.03 92.5 92.6 92.6 0.1 24.9 24.9 24.9 0.03 92.9 92.9 92.8 0.2 Nm

Worst Torque
Direction 2.329 2.316 2.316 0.017 2.355 2.355 2.363 0.032 4.088 4.102 4.095 0.024 4.999 4.969 4.977 0.032 °

Maximum
Trunk-parallel Force 151.0 151.3 151.3 0.2 436.0 436.6 436.5 0.6 74.1 74.2 74.2 0.1 280.6 281.6 281.9 0.7 N

Table 3: Results of the genetic optimization for each of the four scenarios. The “Value” column shows the optimization
result, of the ten optimization attempts, with the lowest cost function value. The columns for mean, median, and standard
deviation (SD) come from calculating that variable across the ten optimization attempts conducted per scenario. Results for
each individual can be found in Appendix B

and predictable across the workspace range. All green
arrows (representing the net torque vectors acting on
the child) pointed nearly directly towards the upright
seating position (the blue dot in the figures). For the
separate ropes configuration, a relatively linear increase
in net torque vector strength was noticed as the child
leaned further from the neutral position. However, for
the interconnected rope configuration, the most extreme
lean angles resulted in larger net torque magnitudes com-
pared to the separate ropes configuration. This was espe-
cially evident in the region where the child leans forward
beyond 22.5°. For both rope configurations, a twist of
± 45° caused all net torque vectors to slightly shift in
direction. This was more pronounced with the intercon-
nected rope configuration. Even so, the measured points
of interest still satisfied the directional requirements for
a predictable response.

3.2 Device Sensitivity Analysis
Sensitivity analysis of the device to changes in rope stiff-
ness and pre-tensioning values showed that, for all four
scenarios, the device still remained predictable though
not necessarily safe. All net torque vectors pointed to-
wards the neutral position with seemingly little variance
in direction between the different plots (Figure 9). When
rope stiffness and/or pre-tension were reduced below the
optimal values, the magnitude of the net torque vectors
also reduced however none reduced to the point were the
child would have no support.

3.3 Mechanical Requirements
Maximum and minimum rope stiffness values for each
rope configuration correspond to the rope stiffness val-
ues of the eight-year-old and three-year-old respectively
as seen in Table 3. Maximum tension values experienced
by the ropes are also present in the table when looking
at the value for the eight-year-old for each rope configu-
ration. These mechanical requirements were able to be
satisfied by heavy duty shock cord supplied by Ibex Ma-

rina Ropes Ltd. [26]. For the interconnected rope con-
figuration, ropes with diameters between 22-26mm were
required. For the separate ropes configuration, diam-
eters between 16-26mm were necessary (see Appendix
E.1 information about the rope sourced). These ropes,
however, would not be compatible with the off-the-shelf
pulleys found which support ropes of a maximum diam-
eter of 12mm (see Appendix E.3 for more information).

4 Discussion
The force field plots produced show some small dif-
ferences between the two rope configurations for each
child. The interconnected ropes design has a force field
strength distribution that increases more towards the ex-
tremes resulting in a higher maximum net torque. This
is may be due, in part, to the fact that this configuration
has two ropes attached to each harness mounting point
potentially doubling the stiffness felt on each mounting
point. This may be mitigated somewhat by the rope
being attached to two harness points which may relieve
some of the force. It is still evident this configuration
has a stronger field when looking at the far extremes
of anterior lean. This could be seen as a benefit from
a safety perspective as it means the device would be
able to apply more force if the child was outside the
workspace region thus pulling the child harder into the
safe region. However, this may be a negative charac-
teristic as it could make it too difficult for the child to
lean forward as freely and/or result in a less predictable
response which may make it difficult for children to get
used to. To determine which response type is better,
further analysis would need to be conducted to under-
stand which configuration would suit therapists and the
training programs better.
Rope stiffness and pre-tension increased between the

younger and older child. This is to be expected as the
older child is heavier and stronger hence the device must
generate more force to compensate. However, it was no-
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(a) Interconnected ropes configuration with three-year-old.
Positions of interest are highlighted with red dots.

(b) Separate ropes configuration with three-year-old.

(c) Interconnected ropes configuration with eight-year-old. (d) Separate ropes configuration with eight-year-old.

Figure 8: Force field plots of the four tested conditions. Positions that are not safe/predictable will show with red arrows.

table that the upper pulley/mount offset was relatively
similar between the four scenarios except for the three-
year-old in the separate ropes configuration. During ini-
tial testing it was noted that higher upper pulley/mount
offsets resulted in better net torques however this would
result in higher trunk-parallel forces. Including trunk-
parallel forces in the cost function was meant to miti-
gate this but, in this scenario, it seems the overall lower
trunk-parallel forces did not sway the cost function. This
does not pose an issue to the design however future work
could investigate a device that has a more limited offset
range between 0.4 to 0.5m or even a static offset in order
to simplify the design.

Both rope configurations were able to satisfy the safety
and predictability requirements for both children. This
indicates that the device, in theory, could provide an
alternative method of supporting children whilst they
train their trunk muscles. Whilst mechanical proper-
ties were able to be satisfied individually, incompatibil-
ities were found between the rope diameters required
(between 16mm to 26mm in diameter) and the maxi-
mum rope thickness the pulleys found could accommo-
date (12mm).

One solution could be to manufacture pulleys able to
accept ropes of up to 26mm in diameter. This solu-
tion is straight forward however the thick ropes could
pose other issues. Primarily, how will the stiffness of
the ropes be modulated across the range of children be-
tween the ages of three and eight? In the larger pulleys
solution, needing to completely replace a rope for differ-

ent children could be time consuming. Especially in the
case of the interconnected ropes configuration, not only
would the rope need to be reconnected to the harness
but it would need to be re-run through the entire pulley
system. An alternative solution could be to use multiple
thinner ropes which are compatible with the 12mm max-
imum compatible rope diameter of the found pulleys. In
this solution, the ropes would run in parallel allowing
their stiffness to be summed resulting in greater over-
all stiffness for the combined ropes [23]. This approach
has the benefit of not requiring custom components and
could allow for individual ropes to be added or removed,
depending on the size and weight of the child, without
requiring all ropes to be disconnected. This has the po-
tential to save therapists time during set-up if a system
which allows the quick connecting and disconnecting of
individual ropes could be created.

Applying this parallel ropes idea, it can be computed
how many 12.5mm ropes would be needed to achieve the
maximum stiffness for both rope configurations based
on the manufacturer’s rope specifications (see Appendix
E.1). This results in five ropes needed for the inter-
connected ropes configurations and four ropes needed
for the separate ropes configuration to surpass the max-
imum stiffness of 1237.1N/m and 1687.0N/m respec-
tively3. Whilst the number of ropes needed is manage-

3Fewer ropes are required for the separate ropes configu-
ration even with the higher stiffness requirement because the
elongation of the rope in the separate ropes configuration is
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(a) Interconnected ropes configuration with three-year-old. (b) Separate ropes configuration with three-year-old.

(c) Interconnected ropes configuration with eight-year-old. (d) Separate ropes configuration with eight-year-old.

Figure 9: Force field sensitivity analysis plots of the four tested scenarios. Each plot represents 0° twist angle.

able, creating a rope system that allows ropes to easily
be added or removed seems more difficult to implement
in the interconnected ropes configuration as it inherently
has more pulleys the ropes must run through. In con-
trast, the separate ropes configuration only has to con-
nect the ropes to the harness and the support column.

Looking at pre-tensioning requirements, intercon-
nected ropes configuration required lower pre-tension
values of 45.4 to 106.3N compared to 107.3 to 159.9N
for the separate ropes configuration. This means that
the pre-tensioning system would not need to be quite as
robust however, based on a pre-tensioning system seen
in Appendix E.3, this likely would not be a large issue
to overcome.

greater.

Finally, the trunk-parallel forces present in the sep-
arate ropes configuration were far lower than those of
the interconnected ropes. However, trunk-parallel forces
in the separate ropes configuration are still quite high
which will have some consequences on the design of the
harness (discussed in section 4.2).

On the whole, the separate ropes configuration ap-
pears to be the better solution mainly due to its design
being simpler to modify to allow for multiple ropes. In
addition, the overall lower trunk-parallel forces present
in this configuration would make it easier to design a
harness for the device. Finally, this configuration also
has the benefit of having fewer components overall which
could make it cheaper to produce and easier to maintain.
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4.1 Limitations
Two key limitations of the simulation are the model of
the child’s body and lack of kinematic modeling. Re-
placing the inverse pendulum moving about a fixed point
for a model of the pelvis and spine would give greater
accuracy to how the child would move whilst in the de-
vice. In addition, altering the point mass to a distributed
weight would further enhance the accuracy of the mod-
eled child. Finally, being able to include the child’s arms
in the model would allow for further safety testing of the
device.

Including kinematic modeling of the child and device
would open up more analysis possibilities. Seeing the
child’s motion over time could better inform how the
device would respond. In addition, a kinematic model
would also allow the incorporation of the child’s own
movements. This could then be used to simulate a train-
ing exercise to better understand the loading on the har-
ness and the support the child would get. These poten-
tial additions to the simulation would help to improve
the realism and accuracy of the simulation.

4.2 Future Work
This paper was the first to analyse this theorised tendon
based trunk support device and has highlighted key ar-
eas that require further research in order to understand
if the device could satisfy its expected position in the
market. The prominent issue is how to design the har-
ness to allow for up to 208.6N of trunk-parallel force
as well as allow the therapist to connect the ropes to
the child at different heights along the torso. Given the
force is equivalent to 60% of the eight-year-old child’s
body weight, it is likely that a full body harness would
be necessary. There are, however, a few ways in which
this value could be reduced to ease the harness design.
One could be to re-evaluate the size of the workspace.
It was already expected that the workspace is an over-
estimate of how far a child with a movement disorder
could lean. Therefore, finding more precise workspace
lean and twist boundaries would reduce the resulting
trunk-parallel forces.

The design of the ropes themselves could also be al-
tered. Instead of relying purely on the tension in the
ropes to prevent the child from falling, a rope with two
different stiffnesses could be used. The low stiffness com-
ponent would allow the child to move freely within the
work space and the other high stiffness part would pre-
vent the child from moving after a certain point. This
stiffer component would be relied upon to prevent the
child from falling. This may allow the low stiffness com-
ponent to be of a lower stiffness than what was found in
this paper which could drastically reduce trunk-parallel
forces. Assuming such a rope design were used, research
would also need to be conducted to determine how strong
to make the response of the system. If it turns out the
ropes still need to be very stiff then using this multi-
stiffness rope may not yield much relief for the trunk-
parallel force.

Another area to investigate further are other possible
rope configurations. One option is to investigate the use
of different rope stiffnesses in each of the ropes. This
may allow the asymmetric workspace to allow for easier
range of motion across the anterior-posterior axis. Dif-
ferent rope stiffnesses could also be used to provide more
support to children who cannot lean in each direction to
the same degree. Beyond rope stiffness, other possible
rope configurations could be conceived that help to, for
example, reduce trunk-parallel forces. This paper fo-
cused on analysing two basic configurations to gauge the
overall validity of the concept but alternative configura-
tions could, for example, involve ropes extending to the
child from multiple heights from each support column.
The code used in this paper could be modified to test
these different options in the future.

Finally, another area to consider is the usability of the
device. Questions such as how can the therapist set the
pre-tension in the ropes or alter the stiffness of the ropes
quickly require careful design in order for the device to
fit well within the market. Additionally, how will the
therapist know what settings to use for each child? This
could be solved by refining the code used in this paper
to allow therapists to input information and quickly get
a response of recommended settings for them to use.

5 Conclusions
There is evidence to support the prospect that this novel
trunk support device does show some promise. The op-
timized versions of the two rope configurations showed
that, theoretically, the device can provide safe and pre-
dictable support to virtually any child between the ages
of three and eight. The device also exhibited resilience to
changes in rope stiffness and pre-tensioning values where
net torque responses across the workspace still showed
the device would support the child. Finally, the calcu-
lated mechanical requirements seemed to be attainable
however a hurdle was posed by the sourced ropes having
too big a diameter for the found pulleys. This could be
rectified either by creating customised components that
can accommodate the width of the thick ropes or by
using multiple ropes. Based on the information found
within this paper, following the second option would
likely be easier to implement especially for the three sep-
arate ropes configuration. It was concluded that this
rope configuration was the more suitable configuration
between the two options. As this is the first paper to
investigate such a device, there are still a myriad of top-
ics that require further research. The most pressing is
a harness design that could comfortably withstand the
high trunk-parallel forces.
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Appendix
A Simulation Steps In-Depth Explanation
Step 1: Define location of components
The location, in 3D space, of all points of interest must first be defined. Inputs such as known geometric information
and patient anthropometry measures are used to define all points of interest. First, locations of the columns in the
x-y plane are determined. This is based off the safe minimum radius, described in section 1.4, from a central position
and assumes the three columns are evenly spaced with one column placed directly in front of the child. With the x-y
location of each column known, the location of the pulleys can then be determined. The rope configuration used will
determine the number and location of the pulleys required per column. If an interconnected rope system is being
tested, then four pulleys are created per column. Two pulleys are located at the bottom of the columns and two at
a height determined by the height of the harness (z coordinate) and the upper pulley/mount offset (see Figure 1a).
If a separated rope system is being tested, then only one mounting point is created per column (see Figure 1b).

After the pulleys are defined, four harness points are determined. The first is the central harness point located at
the desired harness height and the center of the torso. This acts as the center of the harness around which three
harness points are created. These points are where the ropes would be attached to the harness. As the harness is
assumed to be horizontal and circular, these three points are evenly spaced similar to the support columns. The
distance these harness points radiate out from the central harness point is determined by the radius of the patient’s
torso. Additionally, points for the child’s center of rotation and center of mass are set along a vertical line that
represents the child’s torso. This line intersects the central harness point. The center of rotation lies on top of the
chair and the center of mass is located 62.6% along the torso (see section 2.1 for more information).

(a) CAD model (b) 3D simulation model

Figure 10: Comparison between CAD model and the simulation model of the three separate ropes configuration.

Step 2: Determine unstretched rope length
With the location of the pulleys and the starting location of the harness known, the stretched length of each rope
(L0) can be calculated by summing the distances between the harness points and pulleys/mount each rope runs
through/to. Taking the computed stretched length and the given inputs of rope stiffness (K) and pre-tensioning
(T0), Hooke’s law can be used to determine the amount the rope is stretched (l∆) (see Equation 14). After this,
the rope’s unstretched length (Lu) can be found with Equation 13. The unstretched rope length is used to specify
the minimum length of the ropes required for the device as well as used to ensure the stretch of the rope does not
exceed the maximum stretch specified by the rope manufacturer. If the rope’s starting length stretches beyond its
maximum elongation specification, then this is flagged but the simulation continues.
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l∆ =
T0

K
(12) Lu = L0 − l∆ (13)

Step 3: Define new patient coordinates based on lean and twist input
Using the given anterior-posterior lean (ϕap), medio-lateral lean (ϕml), and twist inputs (θ), new locations for the
center of mass and four harness points can be determined using a rotation matrix (see Equation 14). XYZ order was
used as the more conventional ZYX order seemed to produce unusual results (see Figure 11). Changing the origin of
each point of interest to the center of rotation, each point (P⃗ ) can be multiplied by the rotation matrix to find their
new location in 3D space (P⃗ ′). Once complete, each point can have their origin reverted to the global origin.

P⃗ ′ =


1 0 0

0 cosϕap − sinϕap

0 sinϕap cosϕap

 ·


cosϕml 0 sinϕml

0 1 0

− sinϕml 0 cosϕml

 ·


cos θ − sin θ 0

sin θ cos θ 0

0 0 1

 · P⃗ (14)

(a) XYZ rotation matrix used (b) ZYX rotation matrix used

Figure 11: Comparison between the results of the two different orders to create a rotation matrix. For this example, posture
inputs are given as 40° lean forward, 22.5° lean left, and 45° twist counterclockwise. The top of these figures is the front of
the device and the green dot on the harness represents the direction the child is facing after setting the posture.

Step 4: Determine new rope state
With the child’s new location calculated, the tension and length of each rope must be recalculated. First, the length
of the ropes are re-analysed using the same method used to find their starting stretched length (see Step 1). Next,
the difference in length between each rope’s new length and their unstretched length is calculated. This is then input
into Hooke’s law, along with the rope stiffness, to find the tension present in each rope (now T1) (see Equation 14).
During this stage, the stretch of the rope is again compared to the elongation limit specified by the rope manufacturer.
If the rope is stretched beyond its specification, then this is flagged but the calculations continue.

Step 5: Determine net force acting at harness points and center of mass
With the tension in the ropes known, the forces acting on the outer three harness points can be calculated (see
Equation 15). For each rope, a direction vector is calculated between the harness point it is attached to (P⃗h) and
the corresponding upper pulley/mount location (P⃗s). The unit vector of this is also calculated. Then the tension
within the rope (T1) is multiplied to this vector to find the force vector acting on that harness point by that rope
(F⃗h). In the interconnected rope case, two ropes are acting on each harness point. In this situation, these two force
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vectors are summed together to obtain the net force on each harness point. The net gravitational force vector takes
a unit vector directed straight downward and multiplies it by the weight of the upper body of the child times the
acceleration of gravity (9.81m/s2). This is taken to act at the center of mass of the child.

F⃗h =

n∑
i=1

T1,i
P⃗s,i − P⃗h,i

∥P⃗s,i − P⃗h,i∥
(15)

Step 6: Decompose net force vectors into torque generating and trunk-parallel forces

With the net force vectors acting on each harness point known, each net force vector is decomposed into the com-
ponents that generate a torque and a trunk-parallel force. The trunk-parallel force component (F⃗p) is calculated by
finding the projection of the net force vector (F⃗h) that runs parallel to the trunk of the child (V⃗t) (see Equation 16).
With the trunk-parallel force vector known, it can be subtracted from the net force vector to give the torque gener-
ating vector component (F⃗τ ) (see Equation 17). The same strategy is used to find the torque generating component
of the net gravitational force.

F⃗p =
F⃗h · V⃗t

∥V⃗t∥2
· V⃗t (16)

F⃗τ = F⃗h − F⃗p (17)

Step 7: Determine net torque and other outputs

Finally, with the torque generating components acting at each harness point and center of gravity computed, the
net torque acting on the child can be determined. First, the net torque generating force on the harness is found by
summing the torque generating components acting at each harness point (F⃗τ,l, F⃗τ,r, F⃗τ,f for the left, right, and front
harness point respectively). This is then multiplied by the length from the center of rotation to the harness point
(Lh) to find the torque they collectively generate. Then, the torque generated by gravity is found by multiplying
the length between the center of mass and center of rotation (0.626Lt, see section 1.4.1) to the torque generating
component of the gravity force (F⃗τ,g). Then, these two products can be summed to find the net torque acting on the
child (τ⃗net).

τ⃗net = Lh(F⃗τ,l + F⃗τ,r + F⃗τ,f ) + 0.626Lt · F⃗τ,g (18)
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Figure 12: 3D simulation model example for three interconnected ropes configuration where child is leaning forward 40°, left
22.5°, and twisting 45° clockwise.
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B Optimization results for the four tested scenarios

Variable Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Units

Cost 236.9 236.1 237.6 235.9 237.0 236.8 236.5 237.7 237.4 237.1 -
Rope

Stiffness 755.6 739.3 758.5 753.3 747.4 758.1 742.1 744.7 736.3 748.6 N/m

Pre-
Tension 44.9 46.5 44.9 45.0 45.8 44.7 46.0 45.7 47.0755 45.4 N

Upper Pul-
ley/Mount

Offset
0.479 0.473 0.478 0.478 0.473 0.479 0.476 0.481 0.472 0.480 m

Maximum
Tension 220.8 218.5 221.5 220.4 219.7 221.2 218.8 219.1 218.3 219.7 N

Minimum
Workspace
Boundary
Torque

Magnitude

24.9 24.9 25.0 24.9 25.0 24.9 24.9 25.0 24.9 25.0 Nm

Worst
Torque
Direction

2.330 2.299 2.335 2.329 2.317 2.337 2.304 2.305 2.287 2.315 °

Maximum
Trunk-
parallel
Force

151.3 151.1 151.5 151.0 151.4 151.2 151.2 151.6 151.5 151.4 N

Table 4: Ten results of the optimization cycles for the three-year-old in the interconnected ropes configuration.
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Variable Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Units

Cost 1923.3 1917.6 1915.3 1927.6 1917.4 1913.8 1915.5 1919.1 1920.7 1927.0 -
Rope

Stiffness 1207.1 1227.8 1216.4 1240.1 1229.1 1219.8 1232.7 1195.3 1201.5 1241.3 N/m

Pre-
Tension 112.7 108.6 110.5 105.2 108.2 110.0 107.5 115.4 114.5 105.7 N

Upper Pul-
ley/Mount

Offset
0.413 0.414 0.414 0.424 0.414 0.413 0.416 0.408 0.408 0.421 m

Maximum
Tension 564.1 567.9 565.5 569.6 568.0 566.2 568.7 562.2 563.6 570.5 N

Minimum
Workspace
Boundary
Torque

Magnitude

92.6 92.6 92.5 92.5 92.5 92.5 92.6 92.5 92.6 92.7 Nm

Worst
Torque
Direction

2.324 2.372 2.348 2.387 2.376 2.355 2.381 2.302 2.313 2.389 °

Maximum
Trunk-
parallel
Force

437.1 436.4 436.1 437.5 436.4 436.0 436.1 436.6 436.8 437.4 N

Table 5: Ten results of the optimization cycles for the eight-year-old in the interconnected ropes configuration.
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Variable Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Units

Cost 63.7 63.6 63.5 63.5 63.5 63.5 63.7 63.5 63.7 63.5 -
Rope

Stiffness 754.4 749.1 745.3 743.0 745.3 747.5 753.0 748.1 746.1 745.2 N/m

Pre-
Tension 106.0 106.8 107.4 107.7 107.4 107.0 106.1 106.8 107.8 107.6 N

Upper Pul-
ley/Mount

Offset
0.700 0.700 0.700 0.700 0.700 0.700 0.700 0.700 0.700 0.700 m

Maximum
Tension 251.4 251.3 251.1 250.9 251.1 251.1 251.3 251.1 251.6 251.2 N

Minimum
Workspace
Boundary
Torque

Magnitude

24.9 24.9 24.9 24.9 24.9 24.9 24.9 24.9 25.0 24.9 Nm

Worst
Torque
Direction

4.146 4.111 4.088 4.075 4.086 4.102 4.138 4.109 4.080 4.083 °

Maximum
Trunk-
parallel
Force

74.2 74.2 74.1 74.2 74.1 74.2 74.2 74.1 74.3 74.2 N

Table 6: Ten results of the optimization cycles for the three-year-old in the separate ropes configuration.
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Variable Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Units

Cost 813.9 806.7 813.9 809.4 805.9 807.3 813.2 815.3 816.3 816.0 -
Rope

Stiffness 1698.3 1692.1 1703.9 1697.0 1693.9 1690.3 1696.3 1701.7 1689.1 1685.0 N/m

Pre-
Tension 156.4 157.6 155.2 159.8 158.8 158.0 157.5 158.6 160.5 159.8 N

Upper Pul-
ley/Mount

Offset
0.453 0.456 0.454 0.460 0.459 0.456 0.454 0.457 0.454 0.451 m

Maximum
Tension 674.3 673.7 674.9 677.3 675.4 673.5 674.9 677.6 675.6 673.8 N

Minimum
Workspace
Boundary
Torque

Magnitude

92.7 92.6 92.8 93.2 92.9 92.6 92.8 93.3 93.0 92.7 Nm

Worst
Torque
Direction

4.969 4.985 4.993 4.994 4.999 4.974 4.966 4.980 4.922 4.904 °

Maximum
Trunk-
parallel
Force

282.0 280.7 282.0 281.2 280.6 280.9 281.9 282.3 282.5 282.4 N

Table 7: Ten results of the optimization cycles for the eight-year-old in the separate ropes configuration.

C Effect of altering harness height
C.1 Introduction
With the cylindrical design of the harness, it could be placed anywhere along the torso of the child. For the range
harness heights, it was assumed that it would be unlikely for a therapist to want the harness placed lower than
halfway up the child’s torso. The upper limit of 90% approximates the height where the arms prevent the harness
from being mounted higher.

C.2 Method
There was another sensitivity analysis was done to understand how the height of the harness affects the strength of
the devices response. The harness’ cylindrical design allows it to move up and down the torso of the child. In this
analysis, it was assumed that the harness can be set between 50% to 90% of the child’s torso height. To understand
the strength of the system, the magnitude net torque acting on the child leaning backwards at 22.5° was used. In
addition, each of the eight rope stiffness and pre-tension combinations used during the sensitivity analysis of each
scenario were also checked. Only a magnitude of the net torque was used as it was found that the device would
remain predictable thus direction would not need to be checked for this test.

C.3 Results
When comparing the net torque for each sensitivity condition when the child leaned backwards at 22.5° (Figure
13), there were two notable traits. The first was that, for all possible harness locations along the child’s torso, the
resulting net torque was able to provide some amount of force that would pull the child in the correct direction. This
was indicated by all net torque values being greater than zero. Second was that each configuration had some range
of harness heights which falls within the ideal zone for device strength based on each child’s opposition strength
(between 110% and 120%).

C.4 Discussion
Showing that, for any harness height, the child will still have some support helps to improve trust in the device.
If therapists know that, at any location they put the harness, the child will be supported they can focus more on
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(a) Interconnected ropes configuration with three-year-old (b) Separate ropes configuration with three-year-old

(c) Interconnected ropes configuration with eight-year-old (d) Separate ropes configuration with eight-year-old

Figure 13: Plots of net torque acting on child when leaning backwards 22.5° across the range of harness heights for each tested
condition.

providing therapy. Additionally, the flexibility of putting the harness at different heights could make the device easier
to tailor to each individual child. If a child is fairly competent then the harness could be mounted lower so as to
support them less forcing them to support themselves more. Alternatively, mounting the harness higher provides
more robust support or would create a stronger field which a child could train by pushing against.

D Further investigation of mechanical properties
D.1 Introduction
Beyond the mechanical requirements discussed in the paper, there are five other requirements which were analysed.
These include; the minimum height of the support columns, maximum tension within a rope, maximum load a pulley
or mount may need to withstand, minimum length of each rope, and maximum elongation experienced by any rope.

D.2 Method
The first is minimum height of the support columns. This is calculated by adding the height of the harness, mounted
90% up the eight-year-old child’s torso, above the ground to the upper pulley/mount offset and 0.1m, which serves
as a safety factor.

Another is analysing the maximum tension within any rope. For this, the optimal solution for both eight-year-old
scenarios was used. Tension within each rope was analysed, for both configurations, when the child was leaning
towards the positions of interest where the child leaned forward 40°, left 22.5°, and twisting 45°. Which ever rope
had the highest tension is set as the maximum tension any rope must be able to cope with

Next, maximum load acting on a pulley/mount was investigated. This uses the maximum tension within any rope
found above. For the interconnected ropes configuration, as there are many different directions the ropes may pull
on the pulleys, it is assumed that the maximum force a pulley would need to withstand is the tension within the
most loaded rope times two. This is designed to emulate a theoretical worst case where the rope goes into the pulley
from one direction and exists it from the same direction. Though this is not possible during training, it serves as
a buffer to ensure a pulley would be strong enough. For the separate ropes configuration, the maximum force the
mount would withstand is the tension within the most loaded rope.
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Finally, the minimum rope length is found by taking this result calculated during the device simulation. All four
of the optimized scenarios were compared to find the minimum rope length needed per device configuration. The
maximum elongation also uses this method to find its values per rope configuration

D.3 Results

Taking the optimization outputs from each condition, results for general structural requirements can be seen in Table
8. The interconnected ropes configuration showed a higher maximum pulley load, lower maximum rope tension,
and longer ropes than the separate rope configuration. When looking at column bending, the interconnected rope
saw greater degree of bending though this still remained under the 1mm target. Looking at intrinsic mechanical
properties (see Table 3), the interconnected rope configuration had a narrower rope stiffness range with a lower
maximum stiffness than the alternative configuration. The interconnected rope configuration also saw overall lower
pre-tension values and a narrower range of upper pulley/mount offsets which, additionally, saw a lower maximum
and minimum offset value.

Variable Interconnected Separate Unit

Minimum
Column Height 1.6 m

Maximum Load
on Pulley 1139.3 679.2 N

Maximum Rope
Tension 569.6 679.2 N

Minimum Rope
length 7.8 1.5 m

Maximum Rope
Extension 6.0 29.0 %

Rope Stiffness
(3YO) 746.9 745.0 N/m

Rope Stiffness
(8YO) 1237.1 1687.0 N/m

Maximum
Column Bending
Displacement

0.929 0.554 mm

Table 8: These variables cover some key requirements for the structure of the device based on the outputs of the optimizations.

E Mechanical Components that Could Plausibly be Used in a Physical Prototype

E.1 Rope selection

A supplier of heavy duty shock cord was found. They offer a range of rope diameters that provide different strengths.
Table 9 is a reproduced version of what is available on their website describing the force generated when a rope is
elongated to specific elongation percentages [26]. This table includes elongation information as the rope is not linearly
elastic.
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Diameter 10% 30% (N) 75% (N) Total
(mm) Minimum (N) Min Max Min Max extension (%)

5 20 29 38 50 65 105
6.5 40 58 76 100 130 105
8 60 88 116 150 196 105
9.5 80 120 170 210 280 105
12.5 150 210 280 370 480 105
16 240 350 460 600 800 105
19 340 500 650 850 1100 105
22 460 660 880 1150 1500 105
26 640 930 1250 1600 2100 105
28 740 1080 1425 1850 2425 105
32 970 1410 1875 2425 3200 105

Table 9: The assortment of ropes supplied by the selected manufacturer [26]. Values indicate the tension within the rope
when elongated to a percentage of the rope’s overall length.

To determine the force generated when the rope is elongated by the percentages seen in 8, a linear extrapolation
is conducted using Equation 19.

T = T0 +
ϵ− ϵ0
ϵ1 − ϵ0

(T1 − T0) (19)

ϵ is the maximum elongation percentage calculated for the corresponding rope configuration being analysed. ϵ0 and
ϵ1 are the elongations of 10% and 30% respectively as these two percentages are closest to the values of ϵ calculated.
T0 and T1 are the tensions specified by the manufacturer when each rope is elongated by 10% or 30% respectively.
Finally, T is the tension within the rope for the specified value of ϵ. Values for the resulting minimum generated
tension, for each available rope diameter, for the two rope configurations are shown in Table 10.

With the force within each rope calculated, the stiffness of each rope diameter can be calculated. This is not a one
to one comparison between stiffness’s as Hooke’s law is assumed within the simulation but, in reality, the stiffness of
the rope is also affected by its length and how long it has been extended. Even so, looking at the stiffness of the rope
under its most extreme load will give an indication if the rope likely suitable for the given application. To calculate
stiffness of the ropes, Equation 20 must be used where K is the calculated stiffness, T is the tension within the rope,
ϵ is the elongation percentage (the same as was used for Equation 19), and L is the length of the rope as seen in
Table 8.

K =
T

ϵ · L
(20)

Values for the resulting rope stiffness, for each available rope diameter, for the two rope configurations are shown
in Table 10.
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Diameter Interconnected Separate
(mm) Tension (N) Stiffness (N/m) Tension (N) Stiffness (N/m)

5 18 39 29 67
6.5 36 77 57 133
8 54 116 87 202
9.5 72 153 118 275
12.5 138 293 207 483
16 218 464 344 804
19 308 655 492 1148
22 420 893 650 1517
26 582 1238 915 2137
28 673 1429 1063 2481
32 883 1876 1388 3240

Table 10: Tension and stiffness’s of each available rope when applying the calculated rope elongation and length for each rope
configuration

E.2 Elastic ropes in parallel

As only very thick ropes could, on their own, supply the necessary stiffness, it is suggested that ropes can be coupled
in parallel in order to achieve the necessary stiffness. Stiffness’s of ropes in parallel can be expressed with Equation
21 where Ki represents the stiffness of each rope [23].

K =

n∑
i=1

Ki = K1 +K2 + · · ·+Kn−1 +Kn (21)

E.3 Other Key Mechanical Components

Key mechanical components, other than the ropes, specified in this paper are the support columns, the pulleys
controlling the ropes in the interconnected rope configuration, the rope mount for the separate rope configuration,
and a device that can provide a pre-tensioning effect.
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Component Part Name Key Specification
Measure Rating Requirement Reference

Support columns
Bosch Rexroth Silver

Aluminium Profile Strut
Length 3m 1.6m

[27]
Bending Under
Maximum Load

0.929mm
(calculated

value)
1mm

Pulley
Single Pulley Block Roller Loading 3736N 1139N

[28]
Maximum rope

diameter 12mm -

Pre-tensioning method
CMC CLUTCH Tension Load 2668N 679N

[29]
Maximum rope

diameter 13mm -

Rope Mount
Wall Ceiling Mount

Bracket for Suspension
Strap Trainer

Mount Loading 4448N 679N [30]

Table 11: Key mechanical components with possible off the shelf solutions. Key component specifications are listed along with
the requirements computed as part of this paper.

E.4 Bending experienced by the support columns
To confirm the selected support columns would be strong enough, their strength must be tested. A bending limit of
1mm was set. To analyse this, Equation 22 is used:

δ =
FH3

pull

6EI
(3Lmin −Hpull) · fsafe, (22)

F is the maximum load on the pulley/mount calculated previously, Hpull is the height of the upper pulley/mount,
E is the column material’s Young’s modulus, I is the second moment of area of the column’s cross-section, Lmin is
the minimum length the column would be, and fsafe is a safety factor [24]. This result is then multiplied by two for
the interconnected rope configuration as two upper pulleys are present near the top of the column. This equation
assumes the column is rigidly fixed to the base plate and that the force from the ropes acts as a point load. The
force acting on the lower pulleys was assumed to have a negligible effect due to its low mounting height.

Looking at Table 11 it is evident that no column bent beyond 1mm however the separate ropes configuration saw
lower bending displacements compared to the interconnected ropes configuration.
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F Key Elements of Matlab Simulation Code
This section only contains the four key code files. More files can be found in the accompanying zip file.

F.1 Main

1 % - - - Code used to understand load ing in system based on po s i t i o n o f c h i l d
2 % diagram of the 3 columbs o f the des ign
3 % L/2
4 % | - - - - |
5 % o <-Front
6 % / \
7 % / \
8 % / * \
9 % / \
10 % Left -> o - - - - - - - - - o <-Right
11 % | - - - - - - - - - |
12 % L
13
14 c l c
15 c l e a r v a r s
16 s e t ( groot , ' defaultFigureWindowState ' , ' maximized ' ) % w i l l d e f au l t f i g u r e s to

maximise
17 format longg % so that s c i e n t i f i c notat ion i s n t used ( f o r me l e s s con fus ing )
18
19 %% bring in in fo rmat ion from separa te f i l e s
20 setBoundary % get Boundary s t r u c tu r e in fo rmat ion
21
22 %% Assign pa t i en t d e t a i l s and c r ea t e ”Child ” ( and maximum and minimum ve r s i on s )
23 Pat_age = 8 ; % Pat ient age to con s id e r ( cu r r en t l y only 8 (max) and 3

(min ) work ac cu ra t e l y )
24
25
26 % use i n t e r p o l a t i o n so that i f another age i s g iven i t can be used
27 Pat_Mass = l i n e a r I n t e r p (3 , 8 , Boundary . pat_wei_min , Boundary . pat_wei_max , Pat_age ) ;
28 Pat_Hei = l i n e a r I n t e r p (3 , 8 , Boundary . pat_hei_min , Boundary . pat_hei_max , Pat_age ) ;
29 Pat_waist = l i n e a r I n t e r p (3 , 8 , Boundary . pat_waist_min , Boundary . pat_waist_max ,

Pat_age ) ;
30
31 oppos i t ion_strenght_type = 0 ; % -1 i s very heavy . . . 0 i s more rea sonab l e
32
33 % cr ea t e Child from Pat ient c l a s s . These va lue s are unchanging
34 Child = Pat ient (Pat_age , Pat_Hei , Pat_Mass , Pat_waist , oppos i t ion_strenght_type ) ;
35
36 Child_max = Pat ient (Boundary . pat_age_max , Boundary . pat_hei_max , Boundary . pat_wei_max

, Boundary . pat_waist_max , oppos i t ion_strenght_type ) ;
37 Child_min = Pat ient (Boundary . pat_age_min , Boundary . pat_hei_min , Boundary . pat_wei_min

, Boundary . pat_waist_min , oppos i t ion_strenght_type ) ;
38
39
40 %% Key parameters to a l t e r ( not i n c l ud ing ch i l d in fo rmat ion . Al te r t h i s above )
41 % - - - - - What must be a l t e r e d f o r i nd i v i dua l opt imiza t i on - - - - -
42 R_INTERCON = true ; % i f the 3 ropes are in t e r connec t ed or not
43
44 % Harness mount l o c a t i o n based on percentage o f t o r s o he ight from bottom .
45 % i e . I f you want as high as p o s s i b l e f o r bes t s t a b i l i t y s e t to 100
46 Pat_Har_Loc = 75 ; % (%) percentage up the to r s o harness i s mounted ( Defau l t i s

75%)
47
48 % s e t s the rad iu s the columns are from the cente r o f the pa r t i c i p an t

xiv



49 sa f e ty_bu f f e r = 0 . 1 ;
50 % based on ( l a r g e s t c h i l d ) t o r s o l ength at 40 deg ( from upr ight ) + arm length +

trunk rad iu s at 40 deg + sa f e t y bu f f e r
51 safe_col_rad = Child_max . t_len* s ind ( abs (Boundary . lean_f_max ) ) + Child_max . arm_len +

Child_max . t_rad* cosd ( abs (Boundary . twist_ccw_max ) ) + sa f e ty_bu f f e r ;
52 col_rad = safe_col_rad ; % (m) s e l e c t e d column rad iu s
53
54
55
56 % - - - - - What must be a l t e r e d f o r range o f l o c a i t o n s c a l c u l a t i o n f o r one i nd i v i dua l

- - - - -
57 K_ROPE = 986 . 9 7 ; % (N/m) spr ing constant o f ropes ( assumed a l l the same )
58 Pre_Ten = 109 . 868 ; % (N) Pre - t en s i on ing app l i ed to a l l ropes
59 UPul_Offset = 0 .460202 ; % (m) o f f s e t o f upper pu l l ey he ight from harness (+ i s

above , - i s below )
60
61
62 % 2D matrix s t o r e s p o s i t i o n s i n t e r e s t e d in f o r an a l y s i s ( po s i t i on , va lue )
63 % t e s t i n g 6 ” p o s i t i o n s ” ( can change e a s i l y )
64 % 2 lean po in t s o f l e f t f r on t and r i gh t back
65 % 3 tw i s t ang l e s o f +-45 and 0
66 po s i t i on s_o f_ in t e r e s t = [0 Boundary . lean_b_max 0 ;
67 Boundary . lean_l_max 0 0 ;
68 Boundary . lean_r_max 0 0 ;
69 Boundary . lean_l_max Boundary . lean_f_max Boundary .

twist_ccw_max ;
70 Boundary . lean_l_max Boundary . lean_f_max Boundary .

twist_cw_max ] ;
71
72
73
74 % - - - - - What must be a l t e r e d i f a l o c a t i o n i s known - - - - -
75 % Angles r e l a t e d to pa r t i c i pan t ' s l e an ing po s i t i o n
76 % Pat_lean_medlat = po s i t i on s_o f_ in t e r e s t (1 , 1) ; % ( deg ) s i d e to s i d e l ean ( - =

lean l e f t )
77 % Pat_lean_antpost = po s i t i on s_o f_ in t e r e s t (1 , 2) ; % ( deg ) forward backward lean ( -

= lean forward )
78 % Pat_twist = po s i t i on s_o f_ in t e r e s t (1 , 3) ; % ( deg ) tw i s t i n g o f trunk ( - =

tw i s t c l o cw i s e )
79
80 Pat_lean_antpost = Boundary . lean_f_max ;
81 Pat_lean_medlat = Boundary . lean_l_max ;
82 Pat_twist = Boundary . twist_ccw_max ;
83
84
85 % cr ea t e Vars ( Var i ab l e s c l a s s )
86 Vars = Var iab l e s ( Pat_lean_medlat , Pat_lean_antpost , Pat_twist , Pat_Har_Loc ,

UPul_Offset , Pre_Ten , K_ROPE, col_rad ) ;
87
88
89
90 %% Wil l show the r e l e van t item in the ”3D model” o f the dev i c e
91 % true i n d i c a t e s you want to show the item the va r i ab l e name r e f f e r s to
92 flag_SHOW. disp_3d_model = true ;
93 flag_SHOW. disp_text = true ;
94 flag_SHOW. show_fie ld = f a l s e ;
95
96
97 % v i s u a l a id s / ex t ra s f o r 3D v i s u a l i z a t i o n
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98 flag_SHOW. s t a r t_ l o ca t i on = f a l s e ; % v i s i b i l i t y o f phantom s t a r t i n g
po s i t i o n

99 flag_SHOW. main_lables = f a l s e ; % v i s i b i l i t y o f CoM and cente r o f
r o t a t i on l a b l e s

100 flag_SHOW. ext ra_ lab l e s = f a l s e ; % v i s i b i l i t y o f head and shou lder
he ight l a b l e s

101 flag_SHOW. r e f_s t a r s = f a l s e ; % v i s i b i l i t y o f r e f f e r e n c e s t a r s f o r
harness ( a l s o phantom harness )

102 flag_SHOW. r ad i u s_c i r c l e = f a l s e ; % v i s i b i l i t y o f rad iu s o f the dev i c e
i nd i c a t o r

103 flag_SHOW. net_force_at_center = f a l s e ;
104 flag_SHOW. vector_magnitude = f a l s e ;
105
106 % what f o r c e ve c t o r s to show f o r a l l harness po in t s
107 flag_SHOW. t_net_vec = f a l s e ;
108 flag_SHOW. rope_force = f a l s e ;
109 flag_SHOW. torque_gen_forces = f a l s e ;
110 flag_SHOW. pa r a s i t i c_ f o r c e s = f a l s e ;
111 flag_SHOW.moments = f a l s e ;
112
113 % i f your c r e a t i n g p l o t s f o r the paper , s e t t h i s to t rue so extra in fo rmat ion i s not

inc luded
114 for_paper = true ;
115
116
117 %% - - - - - - - - - - What kind o f opera t i on do you want to do? - - - - - - - - - -
118 % 1 = s i n g l e run
119 % 2 = run s imu la t i on ac r o s s a range o f p o s i t i o n s
120 % 200 = Display cube with co loured dots and arrows
121 % 201 = Display cube with co loured dots
122 % 202 = Display cube with arrows
123 % 220 = Display 1 sphere per tw i s t ang le (PROBABLY BROKEN)
124 % 221 = Display sphere f o r 0 tw i s t
125 % 222 = Display torque d i r e c t i o n s in 2D plane per tw i s t ang le
126 % 223 = Display a l l tw i s t ang l e s in 1 sphere (PROBABLY BROKEN)
127 % 225 = Display a f o r c e f i e l d and sphere p l o t s next to each other
128 % 25 = Display topograph i ca l map
129 % 3 = gene t i c opt imiza t i on f o r g iven i nd i v i dua l
130 % 30 = gene t i c opt imiza t i on f o r extremes o f i n d i v i d u a l s and 2 rope c on f i g u r a t i o n s (4

d i f f e r e n t runs )
131 % 4 = run each permutation f o r g iven po s i t i o n (PROBABLY BROKEN)
132 % 40 = run each permutation (THIS IS VERY SLOW AND MIGHT

BE BROKEN)
133 % 5X = s e n s i t i v i t y ana l y s i s a c r o s s s e l e c t e d va r i ab l e
134 % X = 0 : look at in t e r connec t ed rope e f f e c t
135 % X = 1 : look at rope s t i f f n e s s e f f e c t
136 % X = 2 : look at column rad iu s e f f e c t
137 % X = 3 : look at upper pu l l ey o f f s e t e f f e c t
138 % X = 4 : look at pre t en s i on e f f e c t
139 % X = 5 : look at harness l o c a t i o n e f f e c t
140 % 500 = s e n s i t i v i t y ana l y s i s a c r o s s ALL va r i a b l e s ( Save f i g u r e s )
141 % 501 = s e n s i t i v i t y ana l y s i s a c r o s s ALL va r i a b l e s (Don ' t save f i g u r e s )
142 % 502 = s e n s i t i v i t y ana l y s i s but p l o t t ed f o r each va r i ab l e
143 flag_run_type = 1 ;
144
145
146
147 %% Se t t i n g s f o r the d i f f e r e n t run s t a t e s
148 % ===== se t p r e c i s i o n f o r c r ea ted data s e t =====
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149 inc_deg = 5 ; % p r e c i s i o n o f degree s
150 inc_har = 40 ; % p r e c i s i o n o f harness he ight
151
152 inc_kro = 200 ; % p r e c i s i o n o f rope s t i f f n e s s K
153 inc_ten = 100 ; % p r e c i s i o n o f pre - t en s i on o f the ropes
154 inc_upu lo f f = 0 . 2 ; % p r e c i s i o n o f the upper pu l l ey he ight o f f s e t
155 inc_radius = 0 . 1 ; % p r e c i s i o n o f the rad iu s from cente r o f c h i l d to

columns
156
157
158 % ===== se t p r e c i s i o n f o r c r ea ted data s e t (NEW format ) =====
159 num_lean_medlat = 9 ; % number o f medio - l a t e r a l l ean po in t s to t e s t ( i n c l ud ing

boundary max/min )
160 num_lean_antpos = 12 ; % number o f ant/ p s t e r t i o r l ean po in t s to t e s t ( i n c l ud ing

boundary max/min )
161 num_twist = 3 ; % number o f tw i s t po in t s to t e s t ( i n c l ud ing boundary max/min

)
162
163
164 %% Set - up data output s to rage and other smal l th ing s
165 output_data_row = 1 ; % used to t rack number o f rows o f data po in t s
166 col_green = [0 0 .8 0 ] ; % green c o l o r
167
168
169 d i sp (” - - - - - S t a r t i ng s imu la t i on - - - - - ” )
170 t i c ; % s t a r t s r e co rd ing time
171 d i sp ( datet ime )
172
173
174 output_data . pa t i en t = Child ;
175
176
177
178 %% opt ions f o r what to run
179 % ju s t run the g iven ang l e s
180 i f f lag_run_type == 1
181 output_data . s im_resu l t s = sim_device (Vars , Child , R_INTERCON, flag_SHOW,

Boundary ) ;
182
183 e l s e % i f other s t u f f i s to be run , remove the need to p r in t anything in base

func t i on
184 % changing only these 2 w i l l mean nothing w i l l be pr in ted or otherwi se d i sp layed
185 flag_SHOW. disp_3d_model = f a l s e ;
186 flag_SHOW. disp_text = f a l s e ;
187 end
188
189
190 % run data based v i s u a l i z a t i o n s / f unc t i on s
191 % d i sp l ay in fo rmat ion in a cube
192 i f f lag_run_type == 2
193 [ output_data . s im_results , output_data . vars ] = simManyPositions ( num_lean_medlat ,

num_lean_antpos , num_twist , Vars , Child , R_INTERCON, flag_SHOW, Boundary ) ;
194
195
196 e l s e i f 200 <= flag_run_type && flag_run_type <= 202
197
198 % run code f o r each po int
199 [ output_data . s im_results , output_data . vars , output_data_row ] = simManyPositions (

num_lean_medlat , num_lean_antpos , num_twist0 , Vars , Child , R_INTERCON,
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flag_SHOW, Boundary ) ;
200
201
202
203 f o r lean_medlat=Boundary . lean_l_max : inc_deg : Boundary . lean_r_max

% Lean med- l a t
204 Vars . l_medlat = lean_medlat ;
205 f o r lean_antpost=Boundary . lean_f_max : inc_deg : Boundary . lean_b_max

% Lean ant - post
206 Vars . l_antpos = lean_antpost ;
207 f o r p_twist=Boundary . twist_cw_max : inc_deg : Boundary . twist_ccw_max

% Twist
208 Vars . tw i s t = p_twist ;
209
210 output_data . s im_resu l t s ( output_data_row ) = sim_device (Vars , Child ,

R_INTERCON, flag_SHOW, Boundary ) ;
211 output_data . vars ( output_data_row ) = Vars ;
212
213 output_data_row = output_data_row+1;
214 end
215 end
216 end
217
218 % cr ea t e f i g u r e and s e t va lue s
219 f i g_ lab s = [ ”Med- Lat (Deg) ” ”Ant - Post (Deg) ” ”Twist (Deg) ” ] ;
220 f i g_ l ims = [ Boundary . lean_l_max Boundary . lean_r_max ; Boundary . lean_f_max

Boundary . lean_b_max ; Boundary . twist_cw_max Boundary . twist_ccw_max ] ;
221 setup_f ig (” f i g ” , [ 0 0 0 ] , f a l s e , ” ropes ” , 0 , R_INTERCON, [135 60 ] , f i g_labs ,

f ig_l ims , true , f a l s e , t rue ) ;
222
223
224 s c a t t e r 3 (0 , 0 , 0 , 2000 , ” red ” , ” . ” ) ; % dot i nd i c a t i n g 0 0 0
225
226
227 % needed f o r the legend to work n i c e l y (dumb work around )
228 qu iver3 (0 , 0 , 0 , 0 . 1 , 0 . 1 , 0 . 1 , ”Color ” , co l_green ) ;
229 leg_txt1 = ”Torque Vectors ” ;
230 leg_txt2 = ”Torque Magnitude ” ;
231
232
233 % 2 separa te i f s tatements a l l ows f o r both types o f p l o t s to be graphed toge the r
234
235 i f f lag_run_type == 200 | | f lag_run_type == 201 % Display cube with co loured

dots
236 sct_d = s c a t t e r 3 ( v e r t c a t ( output_data . vars (1 , : ) . l_medlat ) , v e r t c a t (

output_data . vars (1 , : ) . l_antpos ) , v e r t c a t ( output_data . vars (1 , : ) . tw i s t ) ,
v e r t c a t ( output_data . s im_resu l t s . t_net_mag) *20 , v e r t c a t ( output_data .

s im_resu l t s . t_net_mag) , ” . ” ) ;
237
238
239 % cr ea t e c o l o r bar s t u f f
240 col_bar = co l o rba r ;
241 col_bar . Label . S t r ing = 'Net Torque (Nm) ' ;
242
243 col_bar_col=get ( col_bar , ' L imits ' ) ;
244 s e t ( col_bar , ' Ticks ' , l i n s p a c e ( col_bar_col (1 ) , col_bar_col (2 ) ,5 ) )
245 end
246
247 i f f lag_run_type == 200 | | f lag_run_type == 202 % Display cube with arrows
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248 % convert f o r c e s in to the torque
249 torq_vects_conv = change_orig in ( [ v e r t c a t ( output_data . vars (1 , : ) . l_medlat )

v e r t c a t ( output_data . vars (1 , : ) . l_antpos ) v e r t c a t ( output_data . vars (1 , : ) .
tw i s t ) ] , v e r t c a t ( output_data . s im_resu l t s . t_net_vec ) ) ;

250
251 quiv = quiver3 ( v e r t c a t ( output_data . vars (1 , : ) . l_medlat ) , v e r t c a t ( output_data

. vars (1 , : ) . l_antpos ) , v e r t c a t ( output_data . vars (1 , : ) . tw i s t ) ,
torq_vects_conv ( : , 1) , torq_vects_conv ( : , 2) , torq_vects_conv ( : , 3) , 2) ;

252 quiv . MaxHeadSize = 0 . 0 5 ;
253 quiv . LineWidth = 1 ;
254 quiv . Color = col_green ;
255 end
256
257 % i f the arrows wont be pr in ted then remove i t from legend by s e t i n g text to

nothing
258 i f f lag_run_type == 201
259 leg_txt1 = ”” ;
260 end
261 % i f the dots wont be pr in ted then remove i t from legend by s e t i n g text to

nothing
262 i f f lag_run_type == 202
263 leg_txt2 = ”” ;
264 end
265
266 legend (” Centra l p o s i t i o n ” , leg_txt1 , leg_txt2 , ' Po s i t i on ' , [ 0 . 6 5 0 .8 0 .25 0 . 1 ] ) ;
267
268
269 e l s e i f f lag_run_type == 220 % Display 1 sphere per tw i s t ang le
270
271 inc_deg_twist = 45 ;
272 plot_num = length (Boundary . twist_cw_max : inc_deg_twist : Boundary . twist_ccw_max ) ;
273
274 % try ing to make i t as square as p o s s i b l e
275 p lo t_co l s = c e i l ( s q r t ( plot_num) ) ;
276 plot_rows = c e i l ( plot_num/ p lo t_co l s ) ;
277
278 plot_count = 1 ;
279
280
281 % se t up f i g u r e n i c e l y
282 f i g_ lab s = [ ” ” ”” ” ” ] ;
283 f i g_ l ims = [0 0 ; 0 0 ; 0 0 ] ;
284 setup_f ig (” f i g ” , [ 0 0 0 ] , f a l s e , ” ropes ” , 0 , R_INTERCON, [135 60 ] , f i g_labs ,

f ig_l ims , true , true , t rue ) ;
285
286
287
288 % loop though the d i f f e r e n t p l o t s and graph s t u f f u n t i l l eve ryth ing has been

done
289 f o r p_twist=Boundary . twist_cw_max : inc_deg_twist : Boundary . twist_ccw_max

% Twist
290 Vars . tw i s t = p_twist ;
291
292 f i g_ lab s = [ ”Med- Lat (m) ” ”Ant - Post (m) ” ”Height ” ] ;
293 f i g_ l ims = [0 0 ; 0 0 ; 0 0 ] ;
294 setup_f ig (” sub ” , [ plot_rows p lo t_co l s plot_count ] , [ 1 1 1 ] , ” ang l e s ” , Vars .

twis t , R_INTERCON, [ -150 40 ] , f i g_labs , f ig_l ims , true , true , t rue ) ;
295
296 %view ( [ 180 90 ] )
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297
298
299 f o r lean_antpost=Boundary . lean_f_max : inc_deg : Boundary . lean_b_max

% Lean ant - post
300 Vars . l_antpos = lean_antpost ;
301 f o r lean_medlat=Boundary . lean_l_max : inc_deg : Boundary . lean_r_max

% Lean med- l a t
302 Vars . l_medlat = lean_medlat ;
303
304 output_data . s im_resu l t s = sim_device (Vars , Child , R_INTERCON,

flag_SHOW, Boundary ) ;
305 output_data . vars = Vars ;
306
307
308 % p lo t po in t s and the l i n e that would emerge from i t
309 %plot_point ( output_data . s im_resu l t s . har_c , ” . ” , 5 , ”b” , ”” , ” Le f t ”)
310 plot_force_vec ( output_data . s im_resu l t s . har_c , output_data .

s im_resu l t s ( output_data_row ) . t_net_vec , ” -” , ”b” , ”” , ' l e f t ' ,
0 . 0 1 )

311 end
312 end
313
314
315 % p lo t c e n t r a l l i n e to show v e r t i c a l c en t e r po int
316 p l o t_ l i n e ( [ output_data . s im_resu l t s . center_xy ( Child . t_len + Child . cha i r ) ] , [

output_data . s im_resu l t s . center_xy 0 ] , ” -” , ” r ”)
317
318 % p lo t r i n g s to show sph e r i c a l shape
319 f o r ang=Boundary . lean_f_max : 1 0 : 0
320 he i = ( Child . t_len*Vars . h_loc /100) * cosd ( ang ) + Child . cha i r ;
321 rad = ( Child . t_len*Vars . h_loc /100) * s ind ( ang ) ;
322 p lo tCi r c l e3D ( [ output_data . s im_resu l t s . center_xy he i ] , [ 0 0 he i ] , rad , ' r

: ' )
323 end
324
325 plot_count = plot_count+1; % increment so next p l o t w i l l be in d i f f e r e n t

subplot
326 end
327
328 legend (” Centra l p o s i t i o n ” , ”” , ”Torque Vector d i r e c i t o n ” , ' Po s i t i on ' , [ 0 . 6 2 0 .25

0 .35 0 . 2 ] ) ;
329
330
331 e l s e i f f lag_run_type == 221 % Display sphere f o r 0 tw i s t ang le
332 twist_ang = 0 ;
333 plotForceFie ldHemisphere (0 , 1 , num_lean_medlat , num_lean_antpos , twist_ang , Vars

, Child , R_INTERCON, flag_SHOW, Boundary , ”” , f a l s e , f a l s e )
334
335
336 e l s e i f f lag_run_type == 222 % Display torque d i r e c t i o n s in 2D plane per tw i s t

ang le
337 % i f s e n s i t i v i t y ana l y s i s l ook s at de f ined range
338 r_k_vals = [30 100 2 0 0 ] ; % [ low medium high ] rope s t i f f n e s s va lue s
339 r_preten_vals = [70 110 1 5 0 ] ; % [ low medium high ] pre t en s i on ing va lue s
340
341
342 twist_ang = 0 ;
343
344
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345 %plo t1ForceF i e ld (0 , [ 0 0 1 ] , num_lean_medlat , num_lean_antpos , twist_ang , ”
ang l e s ” , Vars , Child , R_INTERCON, flag_SHOW, Boundary , ' ' , f a l s e , for_paper )

346 p l o tFo r c eF i e l d s ( num_lean_medlat , num_lean_antpos , num_twist , Vars , Child ,
R_INTERCON, flag_SHOW, Boundary , ' ' , f a l s e , for_paper )

347 %plotForceFie ldHemisphere (0 , 1 , num_lean_medlat , num_lean_antpos , twist_ang ,
Vars , Child , R_INTERCON, flag_SHOW, Boundary , ”” , f a l s e , f a l s e )

348 %p l o t S e n s i t i v i t yAna l y s i s_ f i e l d ( num_lean_medlat , num_lean_antpos , twist_ang ,
r_k_vals , r_preten_vals , Vars , Child , R_INTERCON, flag_SHOW, Boundary , ' ' ,
f a l s e , for_paper )

349
350
351 e l s e i f f lag_run_type == 225 % Display a f o r c e f i e l d and sphere p l o t s next to

each other
352
353 % se t up f i g u r e n i c e l y
354 f i g_ lab s = [ ” ” ”” ” ” ] ;
355 f i g_ l ims = [0 0 ; 0 0 ; 0 0 ] ;
356 setup_f ig (” f i g ” , [ 0 0 0 ] , f a l s e , ” ropes ” , 0 , R_INTERCON, [90 0 ] , f i g_labs ,

f ig_l ims , f a l s e , f a l s e , f a l s e ) ;
357
358 twist_ang = 0 ;
359
360 p lo t1ForceF i e ld (1 , [ 1 2 ] , num_lean_medlat , num_lean_antpos , twist_ang , ” ang l e s ” ,

Vars , Child , R_INTERCON, flag_SHOW, Boundary , ' ' , f a l s e , for_paper ) ;
361
362 plotForceFie ldHemisphere (2 , 2 , num_lean_medlat , num_lean_antpos , twist_ang , Vars

, Child , R_INTERCON, flag_SHOW, Boundary , ”” , f a l s e , f a l s e ) ;
363
364
365 e l s e i f f lag_run_type == 223 % Display a l l tw i s t ang l e s in 1 sphere
366 inc_deg_twist = 45 ;
367 col_opt = { [1 0 0 ] , col_green , [ 0 0 0 ] , [ 1 0 1 ] , [ 0 0 1 ] } ;
368
369 sty le_count = 1 ;
370
371 % se t up f i g u r e n i c e l y
372 f i g_ lab s = [ ”Med- Lat (m) ” ”Ant - Post (m) ” ”Height ” ] ;
373 f i g_ l ims = [0 0 ; 0 0 ; 0 0 ] ;
374 setup_f ig (” f i g ” , [ 0 0 0 ] , [ 1 1 1 ] , ” ropes ” , 0 , R_INTERCON, [ -150 40 ] , f i g_labs ,

f ig_l ims , true , true , t rue ) ;
375
376
377
378 f o r lean_antpost=Boundary . lean_f_max : inc_deg : Boundary . lean_b_max

% Lean ant - post
379 Vars . l_antpos = lean_antpost ;
380 f o r lean_medlat=Boundary . lean_l_max : inc_deg : Boundary . lean_r_max

% Lean med- l a t
381 Vars . l_medlat = lean_medlat ;
382 f o r p_twist=Boundary . twist_cw_max : inc_deg_twist : Boundary . twist_ccw_max

% Twist
383 Vars . tw i s t = p_twist ;
384
385 %f o r Vars . tw i s t=90 % Twist
386 output_data . s im_resu l t s ( output_data_row ) = sim_device (Vars , Child ,

R_INTERCON, flag_SHOW, Boundary ) ;
387 output_data . vars ( output_data_row ) = Vars ;
388
389
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390 % p lo t po in t s and the l i n e that would emerge from i t
391 plot_point ( output_data . s im_resu l t s ( output_data_row ) . har_c (

output_data_row ) , ” . ” , 5 , col_opt { sty le_count } , ”” , ” Le f t ”)
392 plot_force_vec ( output_data . s im_resu l t s ( output_data_row ) . har_c (

output_data_row ) , output_data . s im_resu l t s ( output_data_row ) .
t_net_vec , ” -” , col_opt { sty le_count } , ”” , ' l e f t ' , 2)

393
394
395 sty le_count = sty le_count+1; % increment so

c o l o r s work
396 end
397 sty le_count = 1 ; % r e s e t c o l o r s
398 end
399 end
400
401 % p lo t r i n g s to show sph e r i c a l shape
402 f o r ang=Boundary . lean_f_max : 1 0 : 0
403 he i = Child . t_len* cosd ( ang ) ;
404 rad = Child . t_len* s ind ( ang ) ;
405 p lo tCi r c l e3D ( [ 0 0 he i ] , [ 0 0 he i ] , rad , ' r : ' )
406 end
407
408 % p lo t c e n t r a l l i n e to show v e r t i c a l c en t e r po int
409 p l o t_ l i n e ( [ 0 0 0 . 5 ] , [ 0 0 0 ] , ” -” , ” r ”)
410
411 ledg = legend (”” , ” Clockwise 90 deg ” , ”” , ”” , ” Clockwise 45 deg ” , ”” , ”” , ”0 deg

” , ”” , ”” , ” Ant i c l ockwi se 45 deg ” , ”” , ”” , ” Ant i c l ockwi se 90 deg ”) ;
412 l edg . T i t l e . S t r ing = ' Twist ang l e s ' ;
413
414
415
416
417 e l s e i f f lag_run_type == 25 % Display topograph i ca l map
418
419 inc_deg_twist = 45 ;
420 plot_num = length (Boundary . twist_cw_max : inc_deg_twist : Boundary . twist_ccw_max ) ;
421
422 % try ing to make i t as square as p o s s i b l e
423 p lo t_co l s = c e i l ( s q r t ( plot_num) ) ;
424 plot_rows = c e i l ( plot_num/ p lo t_co l s ) ;
425
426 plot_count = 1 ;
427
428
429 % se t up f i g u r e n i c e l y
430 f i g_ lab s = [ ” ” ”” ” ” ] ;
431 f i g_ l ims = [0 0 ; 0 0 ; 0 0 ] ;
432 f i g_ i n f = setup_f ig (” f i g ” , [ 0 0 0 ] , f a l s e , ” ropes ” , 0 , R_INTERCON, [90 0 ] ,

f i g_labs , f ig_l ims , f a l s e , f a l s e , f a l s e ) ;
433
434 % s t a r t i n g min and max torque mag va lues
435 t_max = 0 ;
436 t_min = 5 ;
437
438
439 % loop though the d i f f e r e n t p l o t s and graph s t u f f u n t i l l eve ryth ing has been

done
440 f o r p_twist=Boundary . twist_cw_max : inc_deg_twist : Boundary . twist_ccw_max

% Twist
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441 Vars . tw i s t = p_twist ;
442
443 len_x = length (Boundary . lean_f_max : inc_deg : Boundary . lean_b_max) ;
444 len_y = length (Boundary . lean_l_max : inc_deg : Boundary . lean_r_max ) ;
445
446 f o r lean_antpost=Boundary . lean_f_max : inc_deg : Boundary . lean_b_max

% Lean ant - post
447 Vars . l_antpos = lean_antpost ;
448 f o r lean_medlat=Boundary . lean_l_max : inc_deg : Boundary . lean_r_max

% Lean med- l a t
449 Vars . l_medlat = lean_medlat ;
450
451 output_data . s im_resu l t s ( output_data_row ) = sim_device (Vars , Child ,

R_INTERCON, flag_SHOW, Boundary ) ;
452 output_data . vars ( output_data_row ) = Vars ;
453
454 output_data_row = output_data_row+1;
455 end
456 end
457
458 % used to s e t s i z e o f c o l o r bar
459 i f t_max < max( ve r t ca t ( output_data . s im_resu l t s . t_net_vec ) )
460 t_max = max( ve r t ca t ( output_data . s im_resu l t s . t_net_vec ) ) ;
461 end
462 i f t_min > min ( ve r t ca t ( output_data . s im_resu l t s . t_net_vec ) )
463 t_min = min ( ve r t ca t ( output_data . s im_resu l t s . t_net_vec ) ) ;
464 end
465
466 % se t up sub - f i g u r e n i c e l y put here so we can s e t v e r t i c a l l im i t s as the

same
467 f i g_ lab s = [ ”Med- Lat ( deg ) ” ”Ant - Post ( deg ) ” ”Torque Magnitude (Nm) ” ] ;
468 f i g_ l ims = [ Boundary . lean_l_max Boundary . lean_r_max ; Boundary . lean_f_max

Boundary . lean_b_max ; 0 0 ] ;
469 f i g_ i n f = setup_f ig (” sub ” , [ plot_rows p lo t_co l s plot_count ] , [ 1 1 0 ] , ”

ang l e s ” , Vars . twis t , R_INTERCON, [ -150 40 ] , f i g_labs , f ig_l ims , true ,
true , t rue ) ;

470
471
472 % https : // uk . mathworks . com/mat labcentra l / answers /712893 -why- sur face - plot - i s -

connect ing - i t s - edges
473 % idk wby exac t l y gr iddata messes th ing s up but below works and above does

weird s t u f f
474 D = [ ve r t ca t ( output_data . vars (1 , v e r t c a t ( output_data . vars (1 , : ) . tw i s t ) ==

Vars . tw i s t ) . l_medlat ) , v e r t c a t ( output_data . vars (1 , v e r t c a t ( output_data .
vars (1 , : ) . tw i s t ) == Vars . tw i s t ) . l_antpos ) , v e r t c a t ( output_data .
s im_resu l t s ( v e r t c a t ( output_data . vars (1 , : ) . tw i s t ) == Vars . tw i s t ) .
t_net_mag) ] ;

475 [ notused , i x ] = unique (D( : , 2 ) ) ; % Determine I n i t i a l
I nd i c e s Of Repeated Elements

476 ixd = d i f f ( i x ) ; % Lenmgth Of
Repeated Elements

477 Dr = reshape (D,mean( ixd ) , [ ] ) ; % Reshape Data
Matrix

478 c o l l e n = s i z e (Dr , 2 ) / s i z e (D, 2 ) ; % Column Block
Lengths

479
480 f o r k = 1 : s i z e (D, 2 )
481 data_trim{k} = Dr ( : , ( 1 : c o l l e n )+(k - 1 ) * c o l l e n ) ; % Segment By

Column Blocks

xxiii



482 end
483
484 su r f ( data_trim {1} , data_trim {2} , data_trim {3}) % p lo t co r r e c t ed data
485
486 % ju s t to be sure th ing s are working r i g h t
487 % s c a t t e r 3 ( output_data ( output_data . vars (1 , : ) . tw i s t == Vars . twis t , 2) ] , [

output_data ( output_data . vars (1 , : ) . tw i s t == Vars . twis t , 3) ] , [
output_data ( output_data . vars (1 , : ) . tw i s t == Vars . twis t , 1) )

488
489
490 p l o t_ l i n e ( [ 0 0 0 ] , [ 0 0 20 ] , ” -” , ” r ”)
491 %red_dot = s c a t t e r 3 (0 , 0 , 10 , 1000 , ” red ” , ” . ” ) ; % dot i nd i c a t i n g 0 0 0
492
493 plot_count = plot_count+1; % increment so next p l o t w i l l be in d i f f e r e n t

subplot
494
495 %view ( [ 1 80 , 9 0 ] )
496
497 end
498
499 % cr ea t e c o l o r bar s t u f f
500 col_bar = co l o rba r ( f i g_ in f , ' Po s i t i on ' , [ 0 . 9 4 0 .168 0 .022 0 . 7 ] ) ;
501 col_bar . Label . S t r ing = 'Net Torque (Nm) ' ;
502 %cl im ( f i g_ in f , [ t_min , t_max ] ) ; % s e t co l o rba r l im i t s
503
504
505 %subax i s ( plot_rows , p lot_co l s , plot_count , ' Spacing ' , 0 . 0 8 ) ;
506 %p lo t_ l i n e ( [ 0 0 0 ] , [ 0 0 20 ] , ” -” , ” r ”)
507 legend (”” , ” Centra l p o s i t i o n ” , ' Po s i t i on ' , [ 0 . 7 5 0 .3 0 .1 0 . 0 7 ] )
508
509
510
511 % gene t i c opt imiza t i on algorythm
512 % https : //www. youtube . com/watch?v=uQj5UNhCPuo
513 e l s e i f f lag_run_type == 3 | | f lag_run_type == 30
514 % changing setup o f func t i on
515 size_of_pop = 100 ; % t o t a l number o f i n d i v i d u a l s in populat ion
516 num_top_sol = size_of_pop /10 ; % number o f top s o l u t i o n s saved
517 num_fail_gen = 100 ; % number o f gene ra ions that can pass u n t i l

algorythm stops
518 size_mutation = 10 ; % maximum % change mutation can cause
519 num_of_repeat_attem = 10 ; % how many times to repeat t e s t i n g to ensure

output i s s t ab l e
520
521
522 output_data_row = 1 ; % f o r keeping track o f number o f s t u f f
523
524
525 % 75 was s e l e c t e d as a good middle ground . A th e r ap i s t could change t h i s

themse lves to s u i t t r a i n i n g needs
526 % us ing c a l c u l a t ed value f o r s a f e column rad iu s
527 % s e t t i n g both here to ensure i t c on s i s t ency
528 Vars . h_loc = 75 ;
529 Vars . rad_col = safe_col_rad ;
530
531 % se t va lue s needed f o r p l o t t i n g
532 l_medlat_ang = po s i t i on s_o f_ in t e r e s t (1 , 1) ;
533 l_antpos_ang = po s i t i on s_o f_ in t e r e s t (1 , 2) ;
534 twist_ang = po s i t i on s_o f_ in t e r e s t (1 , 3) ;
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535 har_reso lut i on = 25 ; % ( un i t ) number o f po in t s to look at per v a r i ab l e (
r e s o l u t i o n )

536
537
538 % look though the changing harness he ight to ensure everyth ing l ook s ok
539 var_change = 5 ;
540 var_range = l i n s p a c e (Boundary . harn_h_min , Boundary . harn_h_max , har_reso lut i on ) ;
541
542 i f f lag_run_type == 30
543 Child_TEST = [ Child_min Child_max ] ;
544 R_CONFIGS = [ true f a l s e ] ;
545 e l s e
546 Child_TEST = Child ;
547 R_CONFIGS = R_INTERCON;
548 end
549
550
551 % f i nd optimal s o l u t i o n s f o r an i nd i v i dua l c h i l d
552 i f f lag_run_type == 3 | | f lag_run_type == 30
553
554 num_sims = length (Child_TEST) * length (R_CONFIGS) ; % number o f s imu la t i on s

to be completed
555 opt imiza t i on_cr i t e r i a_count = 1 ;
556
557 % run the opt imiza t i on to get a l l the data outputs
558 f o r r_conf=1: l ength (R_CONFIGS) % loop though d i f f e r e n t rope

c on f i g u r a t i o n s
559 f o r c h i l =1: l ength (Child_TEST) % loop though d i f f e r e n t ch i l d r en to

t e s t
560
561 track_time_elapsed (” S ta r t i ng opt imiza t i on ve r s i on ” ,

opt imizat ion_cr i t e r i a_count , num_sims)
562
563 % save in fo rmat ion about the ch i l d being t e s t ed and rope

c on f i gu r a t i on
564 output_data ( r_conf , c h i l ) . pa t i en t = Child_TEST( c h i l ) ;
565 output_data ( r_conf , c h i l ) . r_conf ig = R_CONFIGS( r_conf ) ;
566
567
568 f o r i =1:num_of_repeat_attem
569 track_time_elapsed (” S ta r t i ng g ene t i c opt imiza t i on attempt ” , i ,

num_of_repeat_attem )
570
571 % run the g ene t i c opt imiza t i on to re turn an opt imized r e s u l t f o r

g iven ch i l d parameters
572 [ output_data ( r_conf , c h i l ) . gen_optim ( i ) , flags_Optim ( r_conf ,

ch i l , i ) ] = optim_genetic_with_cost_func (Vars , Child_TEST(
c h i l ) , R_CONFIGS( r_conf ) , flag_SHOW, Boundary ,
po s i t i on s_o f_ in t e r e s t , size_of_pop , num_top_sol ,
num_fail_gen , s ize_mutation ) ;

573
574 Vars . r_k = output_data ( r_conf , c h i l ) . gen_optim ( i ) . r_k ;
575 Vars . r_preten = output_data ( r_conf , c h i l ) . gen_optim ( i ) . r_preten ;
576 Vars . p_of f s e t = output_data ( r_conf , c h i l ) . gen_optim ( i ) . p_of f s e t ;
577
578 % go though each po s i t i o n o f i n t e r e s t
579 f o r po i =1: s i z e ( po s i t i on s_o f_ in t e r e s t , 1)
580 Vars . l_medlat = po s i t i on s_o f_ in t e r e s t ( poi , 1) ;
581 Vars . l_antpos = po s i t i on s_o f_ in t e r e s t ( poi , 2) ;
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582 Vars . tw i s t = po s i t i on s_o f_ in t e r e s t ( poi , 3) ;
583
584 % Run the s imu la t i on independent ly to save i t s r e s u l t s
585 output_data ( r_conf , c h i l ) . s im_resu l t s ( i , po i ) = sim_device (

Vars , Child_TEST( c h i l ) , R_CONFIGS( r_conf ) , flag_SHOW,
Boundary ) ;

586 end
587
588 % f i nd po s i t i o n o f i n t e r e s t with :
589 % maximum torque value
590 [~ , poi_max_t ( r_conf , ch i l , i ) ] = max ( [ output_data ( r_conf , c h i l )

. s im_resu l t s ( i , : ) . t_net_mag ] ) ;
591 % maximum tens i on value
592 [~ , poi_max_ten ( r_conf , ch i l , i ) ] = max ( [ output_data ( r_conf ,

c h i l ) . s im_resu l t s ( i , : ) . f_mag_rope_max ] ) ;
593 % min torque value
594 [~ , poi_min_t ( r_conf , ch i l , i ) ] = min ( [ output_data ( r_conf , c h i l )

. s im_resu l t s ( i , : ) . t_net_mag ] ) ;
595 % worst torque d i r e c t i o n value
596 [~ , poi_worst_t_direc ( r_conf , ch i l , i ) ] = max ( [ output_data (

r_conf , c h i l ) . s im_resu l t s ( i , : ) . t_net_direc ] ) ;
597 % h ighe s t p a r a s i t i c f o r c e
598 [~ , poi_max_f_para ( r_conf , ch i l , i ) ] = max ( [ output_data ( r_conf ,

c h i l ) . s im_resu l t s ( i , : ) . f_mag_para_max ] ) ;
599 f p r i n t f (”\n”)
600 end
601
602 % f i nd best (min ) s o l u t i o n based on co s t func t i on
603 [~ , top_n_indiv ( r_conf , c h i l ) ] = min ( [ output_data ( r_conf , c h i l ) .

gen_optim . v_cost_val ] ) ;
604
605 opt imiza t i on_cr i t e r i a_count = opt imiza t i on_cr i t e r i a_count +1; %

pure ly f o r time keeping
606 f p r i n t f (”\n”) % format ing
607 end
608 end
609
610
611 % save the output_data va r i ab l e
612 data_save_name = s t r c a t (pwd , ”\Optimizat ion r e s u l t s \ all_output_data .mat”) ;
613
614 name_bad = true ;
615 name_increment = 0 ;
616
617 whi l e name_bad
618 % check i f dup l i c a t e s e x i s t
619 i f ~ e x i s t ( data_save_name )
620 % f i l e does not ex i s t , c r e a t e i t and end loop
621 save ( data_save_name , ” output_data ” , ” flags_Optim ” , ” top_n_indiv ” , ”

poi_max_t” , ”poi_max_ten ” , ”poi_min_t ” , ” poi_worst_t_direc ” , ”
poi_max_f_para ”)

622 name_bad = f a l s e ;
623
624 e l s e
625 % f i l e a l r eady ex i s t s , change name
626 name_increment=name_increment+1;
627 data_save_name = s t r c a t (pwd , ”\Optimizat ion r e s u l t s \all_output_data_

(” , num2str ( name_increment ) , ”) . mat”) ;
628 end
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629 end
630
631
632 %% Run loop again to generate t ext f i l e s + tab l e
633 % can run from here i f opt imiza t i on data i s g iven and f i r s t part o f s e c t i o n

i s run t i l l
634 % f i r s t opt imiza t i on beg ins
635 s i tuat ion_count = 1 ;
636
637 f o r r_conf=1: l ength (R_CONFIGS) % loop though d i f f e r e n t rope

c on f i g u r a t i o n s
638 f o r c h i l =1: l ength (Child_TEST) % loop though d i f f e r e n t ch i l d r en to

t e s t
639
640 track_time_elapsed (” Saving text f i l e o f run ” , s i tuat ion_count ,

num_sims)
641
642 % se t to bes t va lue s
643 Vars . r_k = output_data ( r_conf , c h i l ) . gen_optim ( top_n_indiv ( r_conf ,

c h i l ) ) . r_k ;
644 Vars . r_preten = output_data ( r_conf , c h i l ) . gen_optim ( top_n_indiv (

r_conf , c h i l ) ) . r_preten ;
645 Vars . p_of f s e t = output_data ( r_conf , c h i l ) . gen_optim ( top_n_indiv (

r_conf , c h i l ) ) . p_of f s e t ;
646
647
648 % used to i d e n t i f y t h i s opt imiza t i on run
649 plot_name = s t r c a t ( ' Opti_res_ ' , num2str ( Vars . rad_col ) , 'm_' , num2str

( Vars . h_loc ) , '_ ' , s t r i n g (R_CONFIGS( r_conf ) ) , ”_” , num2str (
Child_TEST( c h i l ) . age ) , ”YO”) ;

650
651
652 % th i s loop here pure ly so that two d i f f e r e n t f i l e s can be saved .

One that i s a b i t
653 % e a s i e r to read f o r people and another that can e a s i l y be coppied

in to a tab l e in
654 % la t ex
655 f o r save_ver=1:2
656 % - - - save the in fo rmat ion to a f i l e
657
658 % cr ea t e the f i l e that w i l l hold the base va lue s f o r the

executed s e n s i t i v i t y ana l y s i s
659 % name based on f i x ed p r op e r t i e s
660 i f save_ver == 2
661 fi le_name = c r e a t e_ f i l e (”\ Optimizat ion r e s u l t s ” , s t r c a t (”

LATEX_” , plot_name ) , ” . txt ”) ;
662 e l s e
663 fi le_name = c r e a t e_ f i l e (”\ Optimizat ion r e s u l t s ” , plot_name ,

” . txt ”) ;
664 end
665
666 % cr ea t e t ext to inform on rope s e t t i n g s based
667 i f R_CONFIGS( r_conf )
668 rope_setup_text = ' Connected ' ;
669 e l s e
670 rope_setup_text = ' Separate ' ;
671 end
672
673 % I f the f i l e doesn ' t ex i s t , c r e a t e i t with wr i t e permis s ion
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674 f i l e ID = fopen ( fi le_name , 'w ' ) ;
675
676 f p r i n t f ( f i l e ID , ”\ t - - - Resu l t s o f g en e t i c opt imiza t i on - opt imal

va lue (mean) [ median ] {SD} <units > - - -\n\n”) ;
677 f p r i n t f ( f i l e ID , ”Unchanging p r op e r t i e s are : \ n”) ;
678 f p r i n t f ( f i l e ID , ”\tColumn Radius = %g <m>\n” , Vars . rad_col ) ;
679 f p r i n t f ( f i l e ID , ”\ tHarness he ight on to r so = %g <%%>\n” , Vars .

h_loc ) ;
680 f p r i n t f ( f i l e ID , s t r c a t (”\ tRope Conf igurat ion : ” , rope_setup_text

, ”\n”) ) ;
681 f p r i n t f ( f i l e ID , ”\ tPat i ent Age = %g <Years>\n” , Child_TEST( c h i l )

. age ) ;
682 f p r i n t f ( f i l e ID , ”\ tChi ld Opposit ion Strength = %g <Nm>\n” ,

Child_TEST( c h i l ) . t_opp_str ) ;
683 f p r i n t f ( f i l e ID , ”\n\nMechanical p r op e r t i e s are : \ n”) ;
684 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . gen_optim . r_k

] , top_n_indiv ( r_conf , c h i l ) , ”Rope S t i f f n e s s ” , ”N/m” ,
save_ver )

685 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . gen_optim .
r_preten ] , top_n_indiv ( r_conf , c h i l ) , ”Pre - t en s i on ing ” , ”N” ,
save_ver )

686 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . gen_optim .
p_of f s e t ] , top_n_indiv ( r_conf , c h i l ) , ” Pul l ey o f f s e t ” , ”m” ,
save_ver )

687 f p r i n t f ( f i l e ID , ”\n\nMachine performance data f o r bes t
i nd i v i dua l : \ n”) ;

688 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
t_net_mag ] , top_n_indiv ( r_conf , c h i l ) , ” Highest torque
magnitude ” , ”Nm” , save_ver )

689 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_ten ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f_mag_rope_max ] , top_n_indiv ( r_conf , c h i l ) , ” Highest t en s i on
in ropes ” , ”N” , save_ver )

690 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_min_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
t_net_mag ] , top_n_indiv ( r_conf , c h i l ) , ” Inner l im i t torque
magnitude ” , ”Nm” , save_ver )

691 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_worst_t_direc ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l
) ) ) . t_net_direc ] , top_n_indiv ( r_conf , c h i l ) , ”Worst torque
d i r e c t i o n ” , ”deg ” , save_ver )

692 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_f_para ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) )
. f_mag_para_max ] , top_n_indiv ( r_conf , c h i l ) , ”Maximum
pa r a s i t i c f o r c e ” , ”N” , save_ver )

693 f p r i n t f ( f i l e ID , ”\n\nOptmization data : \ n”) ;
694 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . gen_optim .

num_gen_best ] , top_n_indiv ( r_conf , c h i l ) , ” Generat ions
r equ i r ed ” , ”num” , save_ver )

695 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . gen_optim .
v_cost_val ] , top_n_indiv ( r_conf , c h i l ) , ”V Cost ” , ” un i t s ” ,
save_ver )

696 f p r i n t f ( f i l e ID , ”\n\nOptmization l o g i c t r a ck ing : \ n”) ;
697 pr int_opt i_in fo ( f i l e ID , [ flags_Optim ( r_conf , ch i l , : ) . t d i r e c ] ,

top_n_indiv ( r_conf , c h i l ) , ”Torque d i r e c t i o n t rack ing ” , ”” ,
save_ver )

698 pr int_opt i_in fo ( f i l e ID , [ flags_Optim ( r_conf , ch i l , : ) . tmag ] ,
top_n_indiv ( r_conf , c h i l ) , ”Torque magnitude t rack ing ” , ”” ,
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save_ver )
699 pr int_opt i_in fo ( f i l e ID , [ flags_Optim ( r_conf , ch i l , : ) . f lg_check

] , top_n_indiv ( r_conf , c h i l ) , ”Checking var i ous f l a g s ” , ”” ,
save_ver )

700 pr int_opt i_in fo ( f i l e ID , [ flags_Optim ( r_conf , ch i l , : ) . converged
] , top_n_indiv ( r_conf , c h i l ) , ”Convergence o f the
opt imiza t i on ” , ”Bool ” , save_ver )

701 f p r i n t f ( f i l e ID , ”\n\ nSafety Checks : \ n”) ;
702 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s

( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
r_strch_perc_0 ] , top_n_indiv ( r_conf , c h i l ) , ” S ta r t i ng rope
s t r e t c h ” , ”%” , save_ver )

703 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
r_strch_perc_max ] , top_n_indiv ( r_conf , c h i l ) , ”Maximum rope
s t r e t c h ” , ”%” , save_ver )

704 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f l g_r_unstrch len ] , top_n_indiv ( r_conf , c h i l ) , ”Unstretched
rope good ” , ”Bool ” , save_ver )

705 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f lg_r_strchprop_0 ] , top_n_indiv ( r_conf , c h i l ) , ” I n i t i a l rope
s t r e t c h good ” , ”Bool ” , save_ver )

706 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f lg_trunk_len ] , top_n_indiv ( r_conf , c h i l ) , ”Trunk length
good ” , ”Bool ” , save_ver )

707 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f lg_no_slk_lr ] , top_n_indiv ( r_conf , c h i l ) , ”No s l a ck in LR
rope ” , ”Bool ” , save_ver )

708 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f lg_no_slk_rf ] , top_n_indiv ( r_conf , c h i l ) , ”No s l a ck in RF
rope ” , ”Bool ” , save_ver )

709 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f lg_no_slk_f l ] , top_n_indiv ( r_conf , c h i l ) , ”No s l a ck in FL
rope ” , ”Bool ” , save_ver )

710 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f lg_r_strchprop_lr_end ] , top_n_indiv ( r_conf , c h i l ) , ” F ina l
rope s t r e t c h good in rope LR” , ”Bool ” , save_ver )

711 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f lg_r_strchprop_rf_end ] , top_n_indiv ( r_conf , c h i l ) , ” F ina l
rope s t r e t c h good in rope RF” , ”Bool ” , save_ver )

712 pr int_opt i_in fo ( f i l e ID , [ output_data ( r_conf , c h i l ) . s im_resu l t s
( : , poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f lg_r_strchprop_fl_end ] , top_n_indiv ( r_conf , c h i l ) , ” F ina l
rope s t r e t c h good in rope FL” , ”Bool ” , save_ver )

713
714 f c l o s e ( f i l e ID ) ;
715
716
717 % now save r e l e van t i n f o in to tab l e f o r e a s i e r d i sp l ay to o the r s
718 f i l e ID = fopen ( fi le_name , ' r ' ) ; % Open the f i l e again f o r

read ing
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719
720 row_num = 0 ; % track s number o f rows saved
721
722 % Read data l i n e by l i n e un t i l the end
723 whi l e ~ f e o f ( f i l e ID )
724 l i n e = f g e t l ( f i l e ID ) ; % Read one l i n e
725 equal_pos = s t r f i n d ( l i n e , '= ' ) ; % Find po s i t i o n o f ”=”
726
727 i f ~ isempty ( equal_pos ) % I f ”=” i s found
728 cut_at_equ = l i n e ( equal_pos+1:end ) ; % Extract the

part a f t e r ”=”
729 paren_pos = s t r f i n d ( cut_at_equ , ' ( ' ) ; % Find po s i t i o n

o f ”(”
730
731 i f isempty ( paren_pos )
732 paren_pos = s t r f i n d ( cut_at_equ , '< ' ) ; % Find

po s i t i o n o f ”(”
733 end
734
735
736 ang1_pos = s t r f i n d ( cut_at_equ , '< ' ) ; % Find po s i t i o n

o f ”<”
737 % done in 2 s t ag e s to that i f the re i s a ( be f o r e i t

wont mess th ing s up
738
739 num = str2doub l e ( cut_at_equ ( 1 : paren_pos - 1 ) ) ; % Convert

to a number
740
741 i f ~ i snan (num) % Check i f i t ' s a va l i d number
742 row_num = row_num+1;
743 output_table_data ( r_conf , ch i l , row_num) = num;
744
745 % th i s doesn ' t work f o r some reason when ' years ' and

I have no idea why
746 % uni t = convertCharsToStr ings ( cut_at_equ ( ang1_pos

+1:end - 1 ) ) ; % f i nd un i t
747 % output_table_units (row_num) = uni t ;
748 end
749 end
750 end
751
752 f c l o s e ( f i l e ID ) ; % Close the f i l e
753 end
754
755 i f f lag_run_type == 3
756 % pr in t i n f o about best , mean , SD, and a l l r e s u l t s to e a s i l l y

s ee whats going on
757 f p r i n t f (”\n\n\ t \t - - - Resu l t s o f g en e t i c opt imiza t i on - opt imal

va lue (mean) [ median ] {SD} ( un i t s ) - - -\n\nMechanical p r op e r t i e s
are : \ n”)

758 pr int_opt i_in fo (0 , [ output_data ( r_conf , c h i l ) . gen_optim . r_k ] ,
top_n_indiv ( r_conf , c h i l ) , ”Rope S t i f f n e s s ” , ”N/m” , 1)

759 pr int_opt i_in fo (0 , [ output_data ( r_conf , c h i l ) . gen_optim . r_preten
] , top_n_indiv ( r_conf , c h i l ) , ”Pre - t en s i on ing ” , ”N” , 1)

760 pr int_opt i_in fo (0 , [ output_data ( r_conf , c h i l ) . gen_optim . p_of f s e t
] , top_n_indiv ( r_conf , c h i l ) , ” Pul l ey o f f s e t ” , ”m” , 1)

761
762 f p r i n t f (”\ nMachine performance data : \ n”)
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763 pr int_opt i_in fo (0 , [ output_data ( r_conf , c h i l ) . s im_resu l t s ( : ,
poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
t_net_mag ] , top_n_indiv ( r_conf , c h i l ) , ” Highest torque
magnitude ” , ”Nm” , 1)

764 pr int_opt i_in fo (0 , [ output_data ( r_conf , c h i l ) . s im_resu l t s ( : ,
poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
t_net_direc ] , top_n_indiv ( r_conf , c h i l ) , ”Torque d i r e c t i o n ” ,
” un i t s ” , 1)

765 pr int_opt i_in fo (0 , [ output_data ( r_conf , c h i l ) . s im_resu l t s ( : ,
poi_max_t ( r_conf , ch i l , top_n_indiv ( r_conf , c h i l ) ) ) .
f_mag_para_max ] , top_n_indiv ( r_conf , c h i l ) , ”Maximum
pa r a s i t i c f o r c e ” , ”N” , 1)

766
767 f p r i n t f (”\ nOptmization data : \ n”)
768 pr int_opt i_in fo (0 , [ output_data ( r_conf , c h i l ) . gen_optim .

num_gen_best ] , top_n_indiv ( r_conf , c h i l ) , ” Generat ions
r equ i r ed ” , ”num” , 1)

769 pr int_opt i_in fo (0 , [ output_data ( r_conf , c h i l ) . gen_optim .
v_cost_val ] , top_n_indiv ( r_conf , c h i l ) , ”V Cost ” , ” un i t s ” ,
1)

770 end
771 end
772 s i tuat ion_count = s i tuat ion_count+1;
773 end
774
775 % save a l l i n f o in to a tab l e
776 % cr ea t e the tab l e so that in fo rmat ion can a l s o be put in to t h i s
777 row_lbls = [ ”Column Radius ” ”Harness he ight ” ”Age” ”Opposit ion Strength ” ”K”

...
778 ”Pre - t en s i on ” ” Pul ley o f f s e t ” ”Highest torque magnitude ” ”Highest

t en s i on in ropes ”...
779 ” Inner l im i t torque magnitude ” ”Torque d i r e c t i o n ” ”Maximum pa r a s i t i c

f o r c e ” ...
780 ”Generat ions r equ i r ed ” ”V Cost ” ”Torque d i r e c t i o n t rack ing ” ”Torque

magnitude t rack ing ”...
781 ”Flag t rack ing ” ”Convergence o f the opt imiza t i on ” ” I n i t i a l e l onga t i on o f

rope ” ”Maximum e longa t i on o f rope ” ”Unstretched rope good” ...
782 ” I n i t i a l rope s t r e t c h good” ”Trunk length good” ”No s l a ck in LR rope ” ...
783 ”No s l a ck in RF rope ” ”No s l a ck in FL rope ” ” Fina l rope s t r e t c h good in

rope LR”...
784 ” Fina l rope s t r e t c h good in rope RF” ” Fina l rope s t r e t c h good in rope FL

” ] ' ;
785 output_table = tab l e ( row_lbls , squeeze ( output_table_data (1 , 1 , : ) ) , ...
786 squeeze ( output_table_data (1 , 2 , : ) ) , squeeze ( output_table_data (2 , 1 , : ) )

, ...
787 squeeze ( output_table_data (2 , 2 , : ) ) , ...
788 ' VariableNames ' , [ ” Vars ” , ”3YO Inte rconnected ” , ”8YO Inte rconnected ” , ...
789 ”3YO Separate ” , ”8YO Separate ” ] ) ;
790
791 fi le_name = c r e a t e_ f i l e (”\ Optimizat ion r e s u l t s ” , ' Opti_res_all_output ' , ” .

x l sx ”) ;
792
793 wr i t e t ab l e ( output_table , f i le_name )
794
795
796
797 %% Run loop again to generate p l o t s
798 % can run from here i f opt imiza t i on data i s g iven and f i r s t part o f s e c t i o n

i s run t i l l
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799 % f i r s t opt imiza t i on beg ins
800 s i tuat ion_count = 1 ;
801
802 % determine how the f o r c e f i e l d p l o t should be run
803 i f f lag_run_type == 3
804 should_close = f a l s e ;
805 e l s e i f f lag_run_type == 30
806 should_close = true ;
807 end
808
809 f o r r_conf=1: l ength (R_CONFIGS) % loop though d i f f e r e n t rope

c on f i g u r a t i o n s
810 f o r c h i l =1: l ength (Child_TEST) % loop though d i f f e r e n t ch i l d r en to

t e s t
811
812 track_time_elapsed (” P lot ing data o f run ” , s i tuat ion_count , num_sims)
813
814 % se t to bes t va lue s
815 Vars . r_k = output_data ( r_conf , c h i l ) . gen_optim ( top_n_indiv ( r_conf ,

c h i l ) ) . r_k ;
816 Vars . r_preten = output_data ( r_conf , c h i l ) . gen_optim ( top_n_indiv (

r_conf , c h i l ) ) . r_preten ;
817 Vars . p_of f s e t = output_data ( r_conf , c h i l ) . gen_optim ( top_n_indiv (

r_conf , c h i l ) ) . p_of f s e t ;
818
819
820 % used to i d e n t i f y t h i s opt imiza t i on run
821 plot_name = s t r c a t ( ' Opti_res_ ' , num2str ( Vars . rad_col ) , 'm_' , num2str

( Vars . h_loc ) , '_ ' , s t r i n g (R_CONFIGS( r_conf ) ) , ”_” , num2str (
Child_TEST( c h i l ) . age ) , ”YO”) ;

822
823
824 % p lo t and save the f o r c e f i e l d f o r the g iven r e s u l t
825 p l o tFo r c eF i e l d s ( num_lean_medlat , num_lean_antpos , num_twist , Vars ,

Child_TEST( c h i l ) , R_CONFIGS( r_conf ) , flag_SHOW, Boundary ,
plot_name , should_close , for_paper ) ;

826
827
828 % p lo t l a r g e r , s e n s i t i v i t y graphs
829 name_force_plot_indiv = s t r c a t ( ' Opti_sens_force_indiv_ ' , num2str (

Vars . rad_col ) , 'm_' , num2str ( Vars . h_loc ) , '_ ' , s t r i n g (R_CONFIGS(
r_conf ) ) , '_ ' , num2str (Child_TEST( c h i l ) . age ) , ' yo ' ) ;

830 name_graph_plot_indiv = s t r c a t ( ' Opti_sens_graph_indiv_ ' , num2str (
Vars . rad_col ) , 'm_' , num2str ( Vars . h_loc ) , '_ ' , s t r i n g (R_CONFIGS(
r_conf ) ) , '_ ' , num2str (Child_TEST( c h i l ) . age ) , ' yo ' ) ;

831
832 range_mult ip lyer = 0 . 2 ; % how much above and below each va r i ab l e

the range should be (20%)
833
834 % get range o f rope s t i f f n e s s va lue s
835 r_k_val = output_data ( r_conf , c h i l ) . gen_optim ( top_n_indiv ( r_conf ,

c h i l ) ) . r_k ;
836 r_k_vals_indiv = [ r_k_val *(1 - range_mult ip lyer ) r_k_val r_k_val*(1+

range_mult ip lyer ) ] ;
837
838 % get range o f pre - t en s i on va lue s
839 r_preten_val = output_data ( r_conf , c h i l ) . gen_optim ( top_n_indiv (

r_conf , c h i l ) ) . r_preten ;
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840 r_preten_vals_indiv = [ r_preten_val *(1 - range_mult ip lyer )
r_preten_val r_preten_val *(1+ range_mult ip lyer ) ] ;

841
842 % se t the l im i t s o f the p l o t s based on ch i ld ' s s t r ength
843 y_lims = [ - 5 Child_TEST( c h i l ) . t_opp_str * 1 . 5 ] ;
844
845 % p lo t in f romat ion f o r each i nd i v i dua l
846 p l o t S e n s i t i v i t yAna l y s i s_ f i e l d ( num_lean_medlat , num_lean_antpos ,

twist_ang , r_k_vals_indiv , r_preten_vals_indiv , Vars , Child_TEST
( c h i l ) , R_CONFIGS( r_conf ) , flag_SHOW, Boundary ,
name_force_plot_indiv , should_close , for_paper ) ;

847 p lo tSens i t i v i tyAna ly s i s_1graphs_over ( l_medlat_ang , l_antpos_ang ,
twist_ang , r_k_vals_indiv , r_preten_vals_indiv , var_change ,
var_range , y_lims , Vars , Child_TEST( c h i l ) , R_CONFIGS( r_conf ) ,
flag_SHOW, Boundary , name_graph_plot_indiv , should_close ,
for_paper ) ;

848
849 s i tuat ion_count = s i tuat ion_count+1;
850 end
851
852 % cr ea t e p l o t s f o r a l l the th ing s I can ac r o s s the range o f ch i l d r en
853 i f f lag_run_type == 30
854 name_force_plot1 = s t r c a t ( ' Opti_sens_force_between_ ' , num2str ( Vars .

rad_col ) , 'm_' , num2str ( Vars . h_loc ) , '_ ' , s t r i n g (R_CONFIGS(
r_conf ) ) , '_ ' , num2str (Child_TEST(1) . age ) , ' yo ' ) ;

855 name_force_plot2 = s t r c a t ( ' Opti_sens_force_between_ ' , num2str ( Vars .
rad_col ) , 'm_' , num2str ( Vars . h_loc ) , '_ ' , s t r i n g (R_CONFIGS(
r_conf ) ) , '_ ' , num2str (Child_TEST(2) . age ) , ' yo ' ) ;

856 name_graph_plot_multi = s t r c a t ( ' Opti_sens_graph_between_ ' , num2str (
Vars . rad_col ) , 'm_' , s t r i n g (R_CONFIGS( r_conf ) ) ) ;

857
858 % what to show f o r rope s t i f f n e s s [ min mean max ]
859 r_k_mean = mean ( [ output_data ( r_conf , 1) . gen_optim ( top_n_indiv ( r_conf

, 1) ) . r_k output_data ( r_conf , end ) . gen_optim ( top_n_indiv ( r_conf ,
end ) ) . r_k ] ) ;

860 r_k_vals_mean = [ output_data ( r_conf , 1) . gen_optim ( top_n_indiv ( r_conf
, 1) ) . r_k r_k_mean output_data ( r_conf , end ) . gen_optim (
top_n_indiv ( r_conf , end ) ) . r_k ] ;

861
862 % what to show f o r pre - t en s i on [ min mean max ]
863 r_preten_mean = mean ( [ output_data ( r_conf , 1) . gen_optim ( top_n_indiv (

r_conf , 1) ) . r_preten output_data ( r_conf , end ) . gen_optim (
top_n_indiv ( r_conf , end ) ) . r_preten ] ) ;

864 r_preten_vals_mean = [ output_data ( r_conf , 1) . gen_optim ( top_n_indiv (
r_conf , 1) ) . r_preten r_preten_mean output_data ( r_conf , end ) .
gen_optim ( top_n_indiv ( r_conf , end ) ) . r_preten ] ;

865
866 % se t the l im i t s o f the p l o t s ( based on Child_TEST(2) s i n c e they

w i l l be s t r onge r )
867 y_lims = [ - 5 Child_TEST(2) . t_opp_str * 1 . 5 ] ;
868
869 % make the p l o t s based on the means
870 p l o t S e n s i t i v i t yAna l y s i s_ f i e l d ( num_lean_medlat , num_lean_antpos ,

twist_ang , r_k_vals_mean , r_preten_vals_mean , Vars , Child_TEST
(1) , R_CONFIGS( r_conf ) , flag_SHOW, Boundary , name_force_plot1 ,
should_close , for_paper ) ;

871 p l o t S e n s i t i v i t yAna l y s i s_ f i e l d ( num_lean_medlat , num_lean_antpos ,
twist_ang , r_k_vals_mean , r_preten_vals_mean , Vars , Child_TEST
(2) , R_CONFIGS( r_conf ) , flag_SHOW, Boundary , name_force_plot2 ,
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should_close , for_paper ) ;
872 p l o tSen s i t i v i t yAna ly s i s_9g raphs ( l_medlat_ang , l_antpos_ang ,

twist_ang , r_k_vals_mean , r_preten_vals_mean , var_change ,
var_range , y_lims , Vars , Child_TEST , R_CONFIGS( r_conf ) ,
flag_SHOW, Boundary , name_graph_plot_multi , should_close ,
for_paper ) ;

873 end
874 end
875 end
876
877 e l s e i f f lag_run_type == 4 | | f lag_run_type == 40
878 % f i nd number o f d e s c r e t e po in t s f o r each value
879 NUM_INCREMENT_KRO = length (Boundary . r_k_min : inc_kro : Boundary . r_k_max) ;
880 NUM_INCREMENT_TEN = length (Boundary . r_preten_min : inc_har : Boundary . r_preten_max ) ;
881 NUM_INCREMENT_UPH = length (Boundary . p_offset_min : inc_upu lo f f : Boundary .

p_offset_max ) ;
882
883 % f i nd a l l r e s u l t s f o r g iven po s i t i o n
884 i f f lag_run_type == 4
885 % f i nd t o t a l number o f data points , used f o r matrix pre - a l o c a i t on
886 OUTPUT_LENGTH = NUM_INCREMENT_KRO*NUM_INCREMENT_TEN*NUM_INCREMENT_UPH;
887
888 f o r k_rope=Boundary . r_k_min : inc_kro : Boundary . r_k_max
889 Vars . r_k = k_rope ;
890 f o r pre_ten=Boundary . r_preten_min : inc_ten : Boundary . r_preten_max
891 Vars . r_preten = pre_ten ;
892 f o r pu l_o f f s e t=Boundary . p_offset_min : inc_upu lo f f : Boundary .

p_offset_max
893 Vars . p_of f s e t = pu l_o f f s e t ;
894
895 output_data . s im_resu l t s ( output_data_row ) = sim_device (Vars ,

Child , R_INTERCON, flag_SHOW, Boundary ) ;
896 output_data . vars ( output_data_row ) = Vars ;
897
898 output_data_row = output_data_row+1;
899 end
900 end
901 end
902
903
904
905 % f i nd a l l r e s u l t s f o r ALL po s i t i o n s (THIS WILL TAKE A WHILE/MIGHT NOT WORK)
906 e l s e i f f lag_run_type == 40
907 % get number o f d e s c r e t e po in t s f o r each po s i t i o n
908 NUM_INCREMENT_MEDLAT = length (Boundary . lean_l_max : inc_deg : Boundary .

lean_r_max ) ;
909 NUM_INCREMENT_ANTPOST = length (Boundary . lean_f_max : inc_deg : Boundary .

lean_b_max) ;
910 NUM_INCREMENT_ROT = length (Boundary . twist_cw_max : inc_deg : Boundary .

twist_ccw_max ) ;
911 NUM_INCREMENT_HAR = length (Boundary . harn_h_min : inc_har : Boundary . harn_h_max) ;
912
913 % f i nd t o t a l number o f data points , used f o r matrix pre - a l o c a i t on
914 OUTPUT_LENGTH = NUM_INCREMENT_MEDLAT*NUM_INCREMENT_ANTPOST*NUM_INCREMENT_ROT

*NUM_INCREMENT_HAR*NUM_INCREMENT_KRO*NUM_INCREMENT_TEN*NUM_INCREMENT_UPH
;

915
916 % run code f o r each permutation
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917 f o r lean_medlat=Boundary . lean_l_max : inc_deg : Boundary . lean_r_max
% Lean med- l a t

918 Vars . l_medlat = lean_medlat ;
919 f o r lean_antpost=Boundary . lean_f_max : inc_deg : Boundary . lean_b_max

% Lean ant - post
920 Vars . l_antpos = lean_antpost ;
921 f o r p_twist=Boundary . twist_cw_max : inc_deg : Boundary . twist_ccw_max

% Twist
922 Vars . tw i s t = p_twist ;
923 f o r har_loc=Boundary . harn_h_min : inc_har : Boundary . harn_h_max

% harness l o c a t i o n
924 Vars . h_loc = har_loc ;
925 f o r k_rope=Boundary . r_k_min : inc_kro : Boundary . r_k_max

% K of rope
926 Vars . r_k = k_rope ;
927 f o r pre_ten=Boundary . r_preten_min : inc_ten : Boundary .

r_preten_max % pre - t en s i on
928 Vars . r_preten = pre_ten ;
929 f o r pu l_o f f s e t=Boundary . p_offset_min : inc_upu lo f f :

Boundary . p_offset_max % upper pu l l ey o f f s e t
930 Vars . p_of f s e t = pu l_o f f s e t ;
931
932 output_data . s im_resu l t s ( output_data_row ) =

sim_device (Vars , Child , R_INTERCON,
flag_SHOW, Boundary ) ;

933 output_data . vars ( output_data_row ) = Vars ;
934
935
936 output_data_row = output_data_row+1;
937 end
938 end
939 end
940 end
941 end
942 end
943 end
944 end
945
946
947 % used to examin the e f f e c t d i f f e r e n t v a r i a b l e s have on the system as a whole
948 e l s e i f f i x ( flag_run_type /10) == 5 | | f lag_run_type == 500 | | f lag_run_type == 501
949
950 in c_re so lu t i on = 10 ; % ( un i t ) number o f po in t s to look at per v a r i ab l e (

r e s o l u t i o n )
951
952 % needed f o r p l o t v e r i s on
953 twist_ang = 0 ;
954 r_k_vals = [30 100 2 0 0 ] ; % [ low medium high ] rope s t i f f n e s s va lue s
955 r_preten_vals = [70 110 1 5 0 ] ; % [ low medium high ] pre t en s i on ing va lue s
956
957
958 i f f i x ( flag_run_type /10) == 5 % only run f o r one va r i ab l e
959 range = flag_run_type ;
960
961 e l s e % run f o r a l l v a r i a b l e s
962 range = [50 51 52 53 54 5 5 ] ;
963 end
964
965
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966 i f f lag_run_type == 500
967 % cr ea t e the f i l e that w i l l hold the base va lue s f o r the executed

s e n s i t i v i t y ana l y s i s
968 f i le_name = ' base_values ' ;
969
970 fi le_name = c r e a t e_ f i l e (”\ Figures ” , f i le_name , ” . txt ”) ;
971
972 i f e x i s t ( fi le_name , ' f i l e ' ) == 2
973 % I f the f i l e e x i s t s , open i t with append permis s ion
974 f i l e ID = fopen ( fi le_name , ' a ' ) ;
975 e l s e
976 % I f the f i l e doesn ' t ex i s t , c r e a t e i t with wr i t e permis s ion
977 f i l e ID = fopen ( fi le_name , 'w ' ) ;
978 end
979
980 % Write ch i l d s p e c i f i c v a r i a b l e s
981 f p r i n t f ( f i l e ID , ' Child age : %g\n ' , Child . age ) ;
982 f p r i n t f ( f i l e ID , ' Child he ight : %g\n ' , Child . he i ) ;
983 f p r i n t f ( f i l e ID , ' Child weight : %g\n ' , Child . wei ) ;
984 f p r i n t f ( f i l e ID , ' Child trunk rad iu s : %g\n ' , Child . t_rad ) ;
985
986 % Write set - up s p e c i f i c v a r i a b l e s
987 f p r i n t f ( f i l e ID , ' col_rad_ : %g\n ' , Vars . rad_col ) ;
988 f p r i n t f ( f i l e ID , ' harn_hei_ : %g\n ' , Vars . h_loc ) ;
989 f p r i n t f ( f i l e ID , 'r_k_ : %g\n ' , Vars . r_k) ;
990 f p r i n t f ( f i l e ID , ' r_preten_ : %g\n ' , Vars . r_preten ) ;
991 f p r i n t f ( f i l e ID , ' upper_pul l_offset_ : %g\n ' , Vars . p_of f s e t ) ;
992
993 % Close the f i l e
994 f c l o s e ( f i l e ID ) ;
995 end
996
997
998
999 % th i s loop i s only r e l e van t i f user wants to loop though a l l p o s s i b l e v a r i a b l e s
1000 f o r f l a g_ana l i s i s_type = range
1001
1002 % r e s e t v a r i a b l e s to o r i g i n a l va lue when loop ing (R_INTERCON doesn ' t need to

be r e s e t )
1003 Vars . r_k = K_ROPE;
1004 Vars . rad_col = col_rad ;
1005 Vars . p_of f s e t = UPul_Offset ;
1006 Vars . r_preten = Pre_Ten ;
1007 Vars . h_loc = Pat_Har_Loc ;
1008
1009
1010 i f f l a g_ana l i s i s_type == 50 % look at in t e r connec t ed rope e f f e c t
1011 f o r i =[1 2 ]
1012 f p r i n t f ( ' \n\n ' )
1013 track_time_elapsed (”Running rope c on f i g po int ” , i , 2)
1014 f p r i n t f ( ' \n ' )
1015
1016 % se t i n t e r c onne c t i on value
1017 i f i == 1
1018 R_INTERCON_new = true ;
1019
1020 e l s e
1021 R_INTERCON_new = f a l s e ;
1022
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1023 end
1024
1025
1026 % run s imu la t i on and save r e s u l t
1027 output_data . s im_resu l t s ( i ) = sim_device (Vars , Child , R_INTERCON_new,

flag_SHOW, Boundary ) ;
1028
1029
1030 i f f lag_run_type == 500
1031 % when the f i l e should be saved
1032 fi le_name = s t r c a t (” r_intercon_ ” , s t r i n g (R_INTERCON_new) ) ;
1033 e l s e
1034 fi le_name = ”” ;
1035 end
1036
1037
1038 p l o tFo r c eF i e l d s ( num_lean_medlat , num_lean_antpos , num_twist , Vars ,

Child , R_INTERCON_new, flag_SHOW, Boundary , fi le_name , t rue ,
for_paper )

1039 p l o t S e n s i t i v i t yAna l y s i s_ f i e l d ( num_lean_medlat , num_lean_antpos ,
twist_ang , r_k_vals , r_preten_vals , Vars , Child , R_INTERCON_new,
flag_SHOW, Boundary , fi le_name , true , for_paper )

1040
1041 end
1042
1043
1044 e l s e % look how range o f v a r i a b l e s a f f e c t s th ing s
1045 loop_num = 1 ; % used to count number o f l oops completed
1046
1047
1048 i f f l a g_ana l i s i s_type == 51 % look at rope s t i f f n e s s e f f e c t
1049 val_range = l i n s p a c e (Boundary . r_k_min , Boundary . r_k_max ,

i n c_re so lu t i on ) ;
1050 var_name = ”r_k ” ;
1051
1052 e l s e i f f l a g_ana l i s i s_type == 52 % look at column rad iu s e f f e c t
1053 val_range = l i n s p a c e (Boundary . col_rad_min , Boundary . col_rad_max ,

i n c_re so lu t i on ) ;
1054 var_name = ” col_rad ” ;
1055
1056 e l s e i f f l a g_ana l i s i s_type == 53 % look at upper pu l l ey o f f s e t

e f f e c t
1057 val_range = l i n s p a c e (Boundary . p_offset_min , Boundary . p_offset_max ,

i n c_re so lu t i on ) ;
1058 var_name = ” upper_pul l_of f se t ” ;
1059
1060 e l s e i f f l a g_ana l i s i s_type == 54 % look at pre t en s i on e f f e c t
1061 val_range = l i n s p a c e (Boundary . r_preten_min , Boundary . r_preten_max ,

i n c_re so lu t i on ) ;
1062 var_name = ” r_preten ” ;
1063
1064 e l s e i f f l a g_ana l i s i s_type == 55 % look at harness l o c a t i o n e f f e c t
1065 val_range = l i n s p a c e (Boundary . harn_h_min , Boundary . harn_h_max ,

i n c_re so lu t i on ) ;
1066 var_name = ”harn_hei ” ;
1067
1068 end
1069
1070
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1071 f o r va l=val_range
1072
1073 % done so in fo rmat ion i s not pr in ted f o r every step . Speeds up

command window pr i n t i n g
1074 %i f mod( loop_num , in c_re so lu t i on /num_plot_force_field ) == 0 | |

loop_num == 1 | | loop_num == inc_re so lu t i on
1075 f p r i n t f ( ' \n\n ' )
1076 track_time_elapsed ( s t r c a t (”Running ” , var_name , ” po int ”) , loop_num ,

in c_re so lu t i on )
1077 f p r i n t f ( ' \n ' )
1078
1079
1080 % i f statement must happen again with in loop too as s e l e c e d va r i ab l e

i s cons tant ly changing
1081 % change s e l e c t e d va r i ab l e to new value
1082 i f f l a g_ana l i s i s_type == 51 % look at rope s t i f f n e s s e f f e c t
1083 Vars . r_k = val ;
1084
1085 e l s e i f f l a g_ana l i s i s_type == 52 % look at column rad iu s e f f e c t
1086 Vars . rad_col = va l ;
1087
1088 e l s e i f f l a g_ana l i s i s_type == 53 % look at upper pu l l ey o f f s e t

e f f e c t
1089 Vars . p_of f s e t = va l ;
1090
1091 e l s e i f f l a g_ana l i s i s_type == 54 % look at pre t en s i on e f f e c t
1092 Vars . r_preten = va l ;
1093
1094 e l s e i f f l a g_ana l i s i s_type == 55 % look at harness l o c a t i o n

e f f e c t
1095 Vars . h_loc = va l ;
1096
1097 end
1098
1099
1100 % run s imu la t i on and save r e s u l t
1101 output_data . s im_resu l t s ( loop_num) = sim_device (Vars , Child ,

R_INTERCON, flag_SHOW, Boundary ) ;
1102
1103
1104 i f f lag_run_type == 500
1105 % when the f i l e should be saved
1106 fi le_name = s t r c a t (var_name , ”_” , num2str ( va l ) ) ;
1107 e l s e
1108 fi le_name = ”” ;
1109 end
1110
1111
1112 i f f l a g_ana l i s i s_type == 51 | | f l a g_ana l i s i s_type == 54
1113 p l o tFo r c eF i e l d s ( num_lean_medlat , num_lean_antpos , num_twist ,

Vars , Child , R_INTERCON, flag_SHOW, Boundary , fi le_name ,
t rue , for_paper )

1114
1115 e l s e
1116 p l o tFo r c eF i e l d s ( num_lean_medlat , num_lean_antpos , num_twist ,

Vars , Child , R_INTERCON, flag_SHOW, Boundary , fi le_name ,
t rue , for_paper )

1117 p l o t S e n s i t i v i t yAna l y s i s_ f i e l d ( num_lean_medlat , num_lean_antpos ,
twist_ang , r_k_vals , r_preten_vals , Vars , Child , R_INTERCON,
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flag_SHOW, Boundary , fi le_name , t rue , for_paper )
1118
1119 end
1120
1121 loop_num=loop_num+1; % increment loop counter
1122 end
1123 end
1124 end
1125
1126 i f f lag_run_type == 500
1127 make_gif
1128 end
1129
1130 e l s e i f 502 == flag_run_type
1131 in c_re so lu t i on = 50 ; % ( un i t ) number o f po in t s to look at per v a r i ab l e (

r e s o l u t i o n )
1132
1133 % i f s e n s i t i v i t y ana l y s i s l ook s at de f ined range
1134 r_k_vals = [30 100 2 0 0 ] ; % [ low medium high ] rope s t i f f n e s s va lue s
1135 r_preten_vals = [70 110 1 5 0 ] ; % [ low medium high ] pre t en s i on ing va lue s
1136
1137 l_medlat_ang = Boundary . lean_r_max ;
1138 l_antpos_ang = Boundary . lean_f_max ;
1139 twist_ang = 0 ;
1140
1141 % var_change = 1 : look at rope s t i f f n e s s e f f e c t
1142 % var_change = 2 : look at column rad iu s e f f e c t
1143 % var_change = 3 : look at upper pu l l ey o f f s e t e f f e c t
1144 % var_change = 4 : look at pre t en s i on e f f e c t
1145 % var_change = 5 : look at harness l o c a t i o n e f f e c t
1146 f o r var_change=[2 3 5 ]
1147 i f var_change == 1
1148 y_lims = [0 0 ] ; % must s e t t h i s manually so i t s c on s i s t e n t a c r o s s

a l l p l o t s
1149
1150 e l s e i f var_change == 2
1151 var_range = l i n s p a c e (Boundary . col_rad_min , Boundary . col_rad_max ,

i n c_re so lu t i on ) ;
1152 y_lims = [ -40 6 0 ] ; % must s e t t h i s manually so i t s c on s i s t e n t

a c r o s s a l l p l o t s
1153
1154 e l s e i f var_change == 3
1155 var_range = l i n s p a c e (Boundary . p_offset_min , Boundary . p_offset_max ,

i n c_re so lu t i on ) ;
1156 y_lims = [ -70 9 0 ] ; % must s e t t h i s manually so i t s c on s i s t e n t

a c r o s s a l l p l o t s
1157
1158 e l s e i f var_change == 4
1159 y_lims = [0 0 ] ; % must s e t t h i s manually so i t s c on s i s t e n t a c r o s s

a l l p l o t s
1160
1161 e l s e i f var_change == 5
1162 var_range = l i n s p a c e (Boundary . harn_h_min , Boundary . harn_h_max ,

i n c_re so lu t i on ) ;
1163 y_lims = [ -30 9 0 ] ; % must s e t t h i s manually so i t s c on s i s t e n t

a c r o s s a l l p l o t s
1164
1165 end
1166

xxxix



1167
1168 p l o tSen s i t i v i t yAna ly s i s_9g raphs ( l_medlat_ang , l_antpos_ang , twist_ang ,

r_k_vals , r_preten_vals , var_change , var_range , y_lims , Vars , Child ,
R_INTERCON, flag_SHOW, Boundary , ”” , f a l s e , for_paper )

1169 end
1170
1171
1172 e l s e i f f lag_run_type ~= 1
1173 d i sp (”You have not s e t a va l i d flag_run_type value . ” )
1174 end
1175
1176
1177 end_time = toc ; % p r i n t s e l apsed time from s t a r t
1178 f p r i n t f ( ” - - - - - S imulat ion Completed : i t took %g min and %g sec - - - - -\n\n\n\n” , f i x (

end_time /60) , rem( end_time , 60) )
F.2 Simulation Code

1 %% SIMULATION FUNCTION
2 % takes input about the pa t i en t and rope set - up and re tu rn s net torque and
3 % i f the torque a id s ch i l d or i f the ch i l d w i l l f a l l
4 func t i on output_data = sim_device (Vars , Child , R_INTERCON, flag_SHOW, Boundary )
5 %% de f i n i n g cons tant s
6
7 % constant s about phy s i c a l s t r u c tu r e o f dev i c e
8 COL_half_THICK = 0 . 0 2 ; % (m) Thickness o f columns ( asumed square )
9 Thet_corners = 60 ; % ( deg ) ang le at co rne r s o f dev i c e
10
11
12 % constant s f o r p l o t i n g ”3d model”
13 Len_ref_star = 0 . 0 7 ; % length o f r e f f e r e n c e s t a r l i n e s
14 FORCE_SCALING = 0 . 0 0 7 ; % s e t s c a l i n g o f f o r c e s in f i g u r e . Purely

cosmet ic
15
16
17 % (m) d i s t ance from top o f cha i r to harness l o c a t i o n on to r so
18 Hei_harn = Child . t_len *(Vars . h_loc /100) ;
19 % (m) d i s t ance from ground to upper pu l l e y s ( equ iva l en t to g l oba l he ight o f

harness +- pu l l ey o f f s e t )
20 Hei_pull = Child . cha i r + Hei_harn + Vars . p_of f s e t ;
21
22
23 % ca l c u l a t i n g d i s t an c e s f o r columns . Not i d e a l way but p r ev i ou s l y r e l i e d on

length between columns
24 Len_triang_side = Vars . rad_col * cosd ( Thet_corners /2) *2 ; % (m) d i s t ance between

each column ( s i d e s o f t r i a n g l e )
25
26
27
28 %% - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
29 % - - - determine l o c a t i o n o f PRIMARY po int s ( upper pu l l e y s and harness ) - - -
30
31 % l e f t upper pu l l ey po in t s ( assuming over o r i g i n )
32 Pul_L_COL = [0 0 ] ;
33 i f R_INTERCON
34 % used f o r in t e r connec t ed ropes
35 Pul_UL_CW = create_point ( (Pul_L_COL(1) -COL_half_THICK* s ind (30) ) , (Pul_L_COL

(2)+COL_half_THICK*cosd (30) ) , Hei_pull ) ;
36 Pul_UL_CCW = create_point ( (Pul_L_COL(1)+COL_half_THICK*cosd (60) ) , (Pul_L_COL

(2) -COL_half_THICK* s ind (60) ) , Hei_pull ) ;

xl



37
38 e l s e
39 % used f o r s epara te ropes
40 Pul_UL_C = create_point (Pul_L_COL(1) , Pul_L_COL(2) , Hei_pull ) ;
41 end
42
43
44 % r i gh t upper pu l l ey po in t s
45 Pul_R_COL = [ Len_triang_side 0 ] ;
46 i f R_INTERCON
47 % used f o r in t e r connec t ed ropes
48 Pul_UR_CW = create_point ( (Pul_R_COL(1) -COL_half_THICK*cosd (60) ) , (Pul_R_COL

(2) -COL_half_THICK* s ind (60) ) , Hei_pull ) ;
49 Pul_UR_CCW = create_point ( (Pul_R_COL(1)+COL_half_THICK* s ind (30) ) , (Pul_R_COL

(2)+COL_half_THICK*cosd (30) ) , Hei_pull ) ;
50
51 e l s e
52 % used f o r s epara te ropes
53 Pul_UR_C = create_point (Pul_R_COL(1) , Pul_R_COL(2) , Hei_pull ) ;
54 end
55
56
57 % f r on t upper pu l l ey po in t s
58 Pul_F_COL = [ Len_triang_side /2 (Vars . rad_col+Vars . rad_col * s ind (30) ) ] ;
59 i f R_INTERCON
60 % used f o r in t e r connec t ed ropes
61 Pul_UF_CW = create_point (Pul_F_COL(1) + COL_half_THICK, Pul_F_COL(2) ,

Hei_pull ) ;
62 Pul_UF_CCW = create_point (Pul_F_COL(1) - COL_half_THICK, Pul_F_COL(2) ,

Hei_pull ) ;
63
64 e l s e
65 % used f o r s epara te ropes
66 Pul_UF_C = create_point (Pul_F_COL(1) , Pul_F_COL(2) , Hei_pull ) ;
67 end
68
69
70
71 % - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
72 % - - - determine l o c a t i o n o f bottom pu l l e y s pu l l e y s ( i f they e x i s t ) - - -
73 i f R_INTERCON
74 % Locat ion o f bottom l e f t pu l l e y s
75 Pul_BL_CW = create_point (Pul_UL_CW(1) , Pul_UL_CW(2) , 0) ;
76 Pul_BL_CCW = create_point (Pul_UL_CCW(1) , Pul_UL_CCW(2) , 0) ;
77
78 % Locat ion o f bottom r i gh t pu l l e y s
79 Pul_BR_CW = create_point (Pul_UR_CW(1) , Pul_UR_CW(2) , 0) ;
80 Pul_BR_CCW = create_point (Pul_UR_CCW(1) , Pul_UR_CCW(2) , 0) ;
81
82 % Locat ion o f bottom f r on t pu l l e y s
83 Pul_BF_CW = create_point (Pul_UF_CW(1) , Pul_UF_CW(2) , 0) ;
84 Pul_BF_CCW = create_point (Pul_UF_CCW(1) , Pul_UF_CCW(2) , 0) ;
85
86 end
87
88
89
90 % - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
91 % - - - determine l o c a t i o n o f s t a r t i n g harness po in t s and r e l a t e d po in t s - - -
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92
93 % harness c en te r po int ( assuming 3 po in t s f o r now)
94 Har_C_0 = create_point ( Len_triang_side /2 , tand ( Thet_corners /2) *Len_triang_side

/2 , Hei_harn+Child . cha i r ) ;
95
96 % de f i n e d i s t an c e s r e l a t i n g the cente r po int to the l e f t and r i gh t harness

po in t s
97 Har_x_disp = Child . t_rad* s ind (60) ;
98 Har_y_disp = Child . t_rad* cosd (60) ;
99 % de f i n e the 3 po in t s on the harness

100 Har_L_0 = create_point (Har_C_0(1) -Har_x_disp , Har_C_0(2) -Har_y_disp , Har_C_0(3) )
;

101 Har_R_0 = create_point (Har_C_0(1)+Har_x_disp , Har_C_0(2) -Har_y_disp , Har_C_0(3) )
;

102 Har_F_0 = create_point (Har_C_0(1) , Har_C_0(2)+Child . t_rad , Har_C_0(3) ) ;
103
104 % pat i en t c ente r o f mass po int
105 Pat_CoM_0 = create_point (Har_C_0(1) , Har_C_0(2) , Child .CoM+Child . cha i r ) ;
106 % pat i en t t i p o f head
107 Pat_head_tip_0 = create_point (Har_C_0(1) , Har_C_0(2) , Child . cha i r+Child . tip_head

) ;
108 % pat i en t shou lder p o s i t i o n
109 Pat_shoulders_0 = create_point (Har_C_0(1) , Har_C_0(2) , Child . cha i r+Child . t_len ) ;
110
111 % cr ea t e r e f f e r e n c e s t a r ( used f o r g i v ing be t t e r understanding )
112 Ref_Star_0 = [Har_C_0(1)+Len_ref_star Har_C_0(2) Har_C_0(3) ;
113 Har_C_0(1) Har_C_0(2)+Len_ref_star Har_C_0(3) ;
114 Har_C_0(1) Har_C_0(2) Har_C_0(3)+Len_ref_star ] ;
115
116
117
118 % cente r o f r o ta i on . Assuming x and y are equal to cente r o f harness
119 Poi_center_rot = create_point (Har_C_0(1) , Har_C_0(2) , Child . cha i r ) ;
120
121
122
123 %% determine the s t a r t i n g runs o f c ab l e s
124 % i f the ropes are inte rconnected , runs between pu l l e y s are inc luded
125 i f R_INTERCON
126 Run_Har_Upul_0 = norm(Har_L_0 - Pul_UL_CW) ; % d i s t ance from harness to

upper pu l l ey
127
128 % get the r e s t o f the run l eng th s
129 Run_Upul_Bpul = norm(Pul_UL_CW - Pul_BL_CW) ; % d i s t ance from upper to

lower pu l l ey
130 Run_Bpul_Bpul = norm(Pul_BL_CW - Pul_BF_CCW) ; % d i s t ance between lower

pu l l e y s
131
132 Run_Cab_LR_0 = Run_Har_Upul_0*2 + Run_Upul_Bpul*2 + Run_Bpul_Bpul ; % t o t a l

run length
133
134 e l s e % i f the ropes are not in t e r connec t ed
135 Run_Cab_LR_0 = norm(Har_L_0 - Pul_UL_C) ; % use c en t r a l attachment po int
136
137 end
138 % assuming these other runs are the same due to symetry &&& assumption o f

c y l i n d r i c a l t o r s o
139 Run_Cab_RF_0 = Run_Cab_LR_0;
140 Run_Cab_FL_0 = Run_Cab_LR_0;
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141
142
143 % pr in t i n f o about setup
144 i f flag_SHOW. disp_text
145 f p r i n t f (” Pet i ent he ight i s : \ t%gm.\ t Pat ient weight i s : \ t%gkg . \ n” , Child . hei ,

Child . wei )
146 f p r i n t f (” Med io l a t e ra l l ean i s : \ t%gdeg . \ n” , Vars . l_medlat )
147 f p r i n t f (” Anter ior - p o s t e r i o r l ean i s : \ t%gdeg . \ n” , Vars . l_antpos )
148 f p r i n t f (” Twist ing i s : \ t%gdeg . \ n” , Vars . tw i s t )
149 i f R_INTERCON
150 f p r i n t f (”3 ropes are in t e r connec t ed . \ n\n”)
151 e l s e
152 f p r i n t f (”3 ropes are s epara te . \ n\n”)
153 end
154 end
155
156
157
158 %% s t a r t i n g rope l ength p r op e r t i e s
159
160 % F = Ku &&& assuming p e r f e c t l y e l a s t i c ropes based on Hooke ' s law
161 % (N) i n i t i a l extended length o f c ab l e s
162 u_LR_0 = Vars . r_preten/Vars . r_k ;
163 u_RF_0 = Vars . r_preten/Vars . r_k ;
164 u_FL_0 = Vars . r_preten/Vars . r_k ;
165
166
167 % - - - - - - - - - - Determine unst re tched length o f the cab l e s - - - - - - - - - -
168 % I f we know the o r i g i n a l l ength o f the cab l e going through the runs , then i t i s

e a s i e r to
169 % compute the f o r c e in cab l e s wh i l s t tak ing in to account pre - t en s i on ing o f the

cab l e s . This
170 % pre - t en s i on ing i nhe r en t l y l enght en s s the ropes hence why the unst re tched

l eng th s are sho r t e r
171 % than the runs they go through ( and subs iquent l y t h e i r s t r e t ched l eng th s ) .
172 Len_Cab_LR_Unstr = Run_Cab_LR_0-u_LR_0;
173 Len_Cab_RF_Unstr = Run_Cab_RF_0-u_RF_0;
174 Len_Cab_FL_Unstr = Run_Cab_FL_0-u_FL_0;
175
176
177 % ca l c u l a t e percentage rope i s e longated
178 r_stretch_perc_0 = (u_LR_0/Len_Cab_LR_Unstr) *100 ;
179
180
181 % check to see unst re tched l eng th s are not l e s s than zero . I f they are , means

the rope needs to
182 % be o f a negat ive l ength as u i s l onge r than the run which i s not a p o s s i b l i t y
183 i f Len_Cab_LR_Unstr <= 0
184 i f flag_SHOW. disp_text
185 f p r i n t f (2 , ”There i s an i s s u e with unst re tched rope l eng th s being

negat ive . \ n” + ...
186 ” Left - r i g h t cab l e = %gm.\ nRight - f r on t cab l e = %gm.\ nFront - l e f t cab l e

= %gm.\ n\t - - - f l a g g i n g anomaly - - - \ n\n” , . . .
187 Len_Cab_LR_Unstr , Len_Cab_RF_Unstr , Len_Cab_FL_Unstr)
188 end
189 Flag_rope_unstretch_good = f a l s e ;
190 e l s e
191 Flag_rope_unstretch_good = true ;
192 end
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193
194
195 % check to see how the s t r e t ched length o f the cab l e compares to the o r i g i n a l .

i f i t i s over the
196 % s p e c i f i e d ammount ind i c a t ed by the rope specs , then the rope i s not s u i t a b l e
197 i f r_stretch_perc_0 >= Boundary . r_stretch_percent_max
198 i f flag_SHOW. disp_text
199 f p r i n t f (2 , ”There i s a very high rope s t r e t c h propor t ion . \ n” + ...
200 ”Current rope s t r e t c h propor t ion = %g .\nMaximum al lowed rope s t r e t c h

percent = %g .\ n\ n f l a gg i ng anomaly\n\n” , . . .
201 u_LR_0/Len_Cab_LR_Unstr , Boundary . r_stretch_percent_max )
202 end
203 Flag_rope_stretch_0_good = f a l s e ;
204 e l s e
205 Flag_rope_stretch_0_good = true ;
206 end
207
208
209 %% Pat ient new po s i t i o n
210
211 % use r o t a t i on matrix to f i nd new po s i t i o n o f each po int
212 har_l_lean = rotate_vector (Har_L_0 , Poi_center_rot , Vars . l_antpos , Vars . l_medlat

, Vars . tw i s t ) ;
213 har_r_lean = rotate_vector (Har_R_0, Poi_center_rot , Vars . l_antpos , Vars . l_medlat

, Vars . tw i s t ) ;
214 har_f_lean = rotate_vector (Har_F_0 , Poi_center_rot , Vars . l_antpos , Vars . l_medlat

, Vars . tw i s t ) ;
215 har_c_lean = rotate_vector (Har_C_0, Poi_center_rot , Vars . l_antpos , Vars . l_medlat

, Vars . tw i s t ) ;
216 Pat_CoM_lean = rotate_vector (Pat_CoM_0, Poi_center_rot , Vars . l_antpos , Vars .

l_medlat , Vars . tw i s t ) ;
217 Ref_Star_lean = rotate_vector (Ref_Star_0 , Poi_center_rot , Vars . l_antpos , Vars .

l_medlat , Vars . tw i s t ) ;
218 Pat_shoulders = rotate_vector ( Pat_shoulders_0 , Poi_center_rot , Vars . l_antpos ,

Vars . l_medlat , Vars . tw i s t ) ;
219 Pat_head_tip = rotate_vector (Pat_head_tip_0 , Poi_center_rot , Vars . l_antpos , Vars

. l_medlat , Vars . tw i s t ) ;
220
221
222 % i f l eng th s are the same then we know the ax i s o f r o t a t i on i s same
223 % d i s t ance from cente r o f c i r c l e
224 len_torso_0 = norm( change_orig in ( Poi_center_rot , Har_C_0) ) ;
225 len_torso_end = norm( change_orig in ( Poi_center_rot , har_c_lean ) ) ;
226
227
228 % Used to check to make sure th ing s are s t i l l making sence
229 % have to round as matlab may not see them as 100% p e r f e c t l y the same
230 % 5 decimal p l a c e s should be we l l good enough
231 i f round ( len_torso_0 , 5) == round ( len_torso_end , 5)
232 Flag_trunk_len_good = true ;
233 e l s e
234 i f flag_SHOW. disp_text
235 d i sp (” Something i s wrong , l eng th s do not match . Flagg ing i s s u e ”)
236 len_torso_0
237 len_torso_end
238 end
239 Flag_trunk_len_good = f a l s e ;
240 end
241
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242
243
244 %% ca l c u l a t e f o r c e s in rope
245
246 % f i nd the l ength o f each rope at new po s i t i o n
247 % when 3 in t e r connec t ed ropes are used
248 i f R_INTERCON
249 % f ind l eng th s o f the rope runs
250 run_har_upul_LCW = norm( change_orig in (Pul_UL_CW, har_l_lean ) ) ;
251 run_har_upul_LCCW = norm( change_orig in (Pul_UL_CCW, har_l_lean ) ) ;
252 run_har_upul_RCW = norm( change_orig in (Pul_UR_CW, har_r_lean ) ) ;
253 run_har_upul_RCCW = norm( change_orig in (Pul_UR_CCW, har_r_lean ) ) ;
254 run_har_upul_FCW = norm( change_orig in (Pul_UF_CW, har_f_lean ) ) ;
255 run_har_upul_FCCW = norm( change_orig in (Pul_UF_CCW, har_f_lean ) ) ;
256
257 len_cab_LR_end = Run_Bpul_Bpul+2*Run_Upul_Bpul + run_har_upul_LCCW +

run_har_upul_RCW; % l e f t to r i g h t cab l e
258 len_cab_RF_end = Run_Bpul_Bpul+2*Run_Upul_Bpul + run_har_upul_RCCW +

run_har_upul_FCW; % r i gh t to f r on t cab l e
259 len_cab_FL_end = Run_Bpul_Bpul+2*Run_Upul_Bpul + run_har_upul_FCCW +

run_har_upul_LCW; % f r on t to l e f t cab l e
260
261
262 % when 3 separa te ropes are used
263 e l s e
264 len_cab_LR_end = norm( change_orig in (Pul_UL_C, har_l_lean ) ) ; % j u s t f o r the

l e f t cab l e
265 len_cab_RF_end = norm( change_orig in (Pul_UR_C, har_r_lean ) ) ; % j u s t f o r the

r i gh t cab l e
266 len_cab_FL_end = norm( change_orig in (Pul_UF_C, har_f_lean ) ) ; % j u s t f o r the

f r on t cab l e
267
268 end
269
270
271 % determine s t r e t c h l ength o f c ab l e s
272 u_LR_end = len_cab_LR_end - Len_Cab_LR_Unstr ;
273 u_RF_end = len_cab_RF_end - Len_Cab_RF_Unstr ;
274 u_FL_end = len_cab_FL_end - Len_Cab_FL_Unstr ;
275
276
277 % check to see i f s t r e t c h i s negat ive . I f so s e t to 0 and inform o f oddity
278 % <=0 value i n d i c a t e s s l a ck in rope
279 i f u_LR_end <= 0
280 u_LR_end = 0 ;
281
282 i f flag_SHOW. disp_text
283 f p r i n t f (2 , ” There i s no t en s i on in Left - Right rope . \ n”)
284 end
285 Flag_no_slack_lr = f a l s e ;
286 e l s e
287 Flag_no_slack_lr = true ;
288 end
289 i f u_RF_end <= 0
290 u_RF_end = 0 ;
291
292 i f flag_SHOW. disp_text
293 f p r i n t f (2 , ” There i s no t en s i on in Right - Front rope . \ n”)
294 end

xlv



295 Flag_no_slack_rf = f a l s e ;
296 e l s e
297 Flag_no_slack_rf = true ;
298 end
299 i f u_FL_end <= 0
300 u_FL_end = 0 ;
301
302 i f flag_SHOW. disp_text
303 f p r i n t f (2 , ” There i s no t en s i on in Front - Le f t rope . \ n”)
304 end
305 Flag_no_slack_fl = f a l s e ;
306 e l s e
307 Flag_no_slack_fl = true ;
308 end
309
310
311 % get percentage ropes are s t r e t ched
312 r_stretch_perc_lr = (u_LR_end/Len_Cab_LR_Unstr) *100 ;
313 r_stretch_perc_rf = (u_RF_end/Len_Cab_RF_Unstr) *100 ;
314 r_stretch_perc_f l = (u_FL_end/Len_Cab_FL_Unstr) *100 ;
315
316 r_stretch_perc_end_max = max ( [ r_stretch_perc_lr r_stretch_perc_rf

r_stretch_perc_f l ] ) ;
317
318
319 % check to see how rope s t r e t c h compares to unst re tched rope . I f rope s t r e t c h i s

>= given
320 % s t r e t c h propor t ion o f unst re tched length , f l a g t h i s as an i s s u e as t h i s i s a

very high s t r e t c h
321 % proport ion . For vague est imate , found t h i s :
322 % https : //www. r op e s d i r e c t . co . uk/ blog / everything - you - need - to - know - about - bungee -

cord /
323 i f r_stretch_perc_lr >= Boundary . r_stretch_percent_max
324 i f flag_SHOW. disp_text
325 f p r i n t f (2 , ”There i s a very high rope s t r e t c h propor t ion in Left - r i g h t

rope . \ n” + ...
326 ”Current rope s t r e t c h propor t ion = %g .\nMaximum al lowed rope s t r e t c h

percent = %g .\ n\ n f l a gg i ng anomaly\n\n” , . . .
327 u_LR_0/Len_Cab_LR_Unstr , Boundary . r_stretch_percent_max )
328 end
329 Flag_rope_stretch_lr_1_good = f a l s e ;
330 e l s e
331 Flag_rope_stretch_lr_1_good = true ;
332 end
333
334 i f r_stretch_perc_rf >= Boundary . r_stretch_percent_max
335 i f flag_SHOW. disp_text
336 f p r i n t f (2 , ”There i s a very high rope s t r e t c h propor t ion in Right - f r on t

rope . \ n” + ...
337 ”Current rope s t r e t c h propor t ion = %g .\nMaximum al lowed rope s t r e t c h

percent = %g .\ n\ n f l a gg i ng anomaly\n\n” , . . .
338 u_LR_0/Len_Cab_LR_Unstr , Boundary . r_stretch_percent_max )
339 end
340 Flag_rope_stretch_rf_1_good = f a l s e ;
341 e l s e
342 Flag_rope_stretch_rf_1_good = true ;
343 end
344
345 i f r_stretch_perc_f l >= Boundary . r_stretch_percent_max
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346 i f flag_SHOW. disp_text
347 f p r i n t f (2 , ”There i s a very high rope s t r e t c h propor t ion in Front - l e f t

rope . \ n” + ...
348 ”Current rope s t r e t c h propor t ion = %g .\nMaximum al lowed rope s t r e t c h

percent = %g .\ n\ n f l a gg i ng anomaly\n\n” , . . .
349 u_LR_0/Len_Cab_LR_Unstr , Boundary . r_stretch_percent_max )
350 end
351 Flag_rope_stretch_fl_1_good = f a l s e ;
352 e l s e
353 Flag_rope_stretch_fl_1_good = true ;
354 end
355
356
357
358 % F = Ku
359 % compute f o r c e s in each cab l e
360 fmag_LR_end = Vars . r_k*u_LR_end ;
361 fmag_RF_end = Vars . r_k*u_RF_end ;
362 fmag_FL_end = Vars . r_k*u_FL_end ;
363
364 % f i nd maximum tens i on in any rope
365 fmag_rope_max_end = max( abs ( [ fmag_LR_end fmag_RF_end fmag_FL_end ] ) ) ;
366
367
368
369 % d i sp l ay f o r c e in fo rmat ion with in the ropes themse lves
370 i f flag_SHOW. disp_text
371 f p r i n t f (”=== At the g iven l o c a t i o n : ===\n”)
372 f p r i n t f (” Tension f o r c e in l e f t - r i g h t cab l e i s : \ t%gN.\ n” , fmag_LR_end)
373 f p r i n t f (” Tension f o r c e in r ight - f r on t cab l e i s : \ t%gN.\ n” , fmag_RF_end)
374 f p r i n t f (” Tension f o r c e in f ront - l e f t cab l e i s : \ t%gN.\ n\n” , fmag_FL_end)
375 end
376
377
378
379 %% ca l c u l a t e f o r c e s ac t ing on each harness po int
380 % a l t e r c a l c u l a t i o n based on i f ropes are in t e r connec t ed or not
381 i f R_INTERCON
382 fvec_LCW_end = get_Fvec_vec ( fmag_FL_end , (Pul_UL_CW- har_l_lean ) ) ;
383 fvec_LCCW_end = get_Fvec_vec (fmag_LR_end , (Pul_UL_CCW- har_l_lean ) ) ;
384 fvec_RCW_end = get_Fvec_vec (fmag_LR_end , (Pul_UR_CW- har_r_lean ) ) ;
385 fvec_RCCW_end = get_Fvec_vec (fmag_RF_end , (Pul_UR_CCW- har_r_lean ) ) ;
386 fvec_FCW_end = get_Fvec_vec (fmag_RF_end , (Pul_UF_CW- har_f_lean ) ) ;
387 fvec_FCCW_end = get_Fvec_vec ( fmag_FL_end , (Pul_UF_CCW- har_f_lean ) ) ;
388
389 fvec_l_end = fvec_LCW_end + fvec_LCCW_end ;
390 fvec_r_end = fvec_RCW_end + fvec_RCCW_end ;
391 fvec_f_end = fvec_FCW_end + fvec_FCCW_end ;
392
393 e l s e
394 % &&& using c l o cw i s e harness po in t s f o r now . Should use a c en t r a l po int on

the column
395 fvec_l_end = get_Fvec_vec (fmag_LR_end , (Pul_UL_C- har_l_lean ) ) ;
396 fvec_r_end = get_Fvec_vec (fmag_RF_end , (Pul_UR_C- har_r_lean ) ) ;
397 fvec_f_end = get_Fvec_vec ( fmag_FL_end , (Pul_UF_C- har_f_lean ) ) ; % &&& we

have a problem
398
399 end
400
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401
402
403 % d i sp l ay f o r c e in fo rmat ion with in the ropes themse lves
404 i f flag_SHOW. disp_text
405 f p r i n t f (”The magnitude o f the f o r c e ac t ing on the l e f t harness po int i s : \ t%

gN.\ n” , norm( fvec_l_end ) )
406 f p r i n t f (”The magnitude o f the f o r c e ac t ing on the r i g h t harness po int i s : \ t%

gN.\ n” , norm( fvec_r_end ) )
407 f p r i n t f (”The magnitude o f the f o r c e ac t ing on the f r on t harness po int i s : \ t%

gN.\ n\n” , norm( fvec_f_end ) )
408 end
409
410
411 %% determine i f dev i c e could r i g h t ch i l d in event they cannot prov ide any

support
412 % get g rav i ty f o r c e vec to r
413 F_grav_mag = Child . wei *Child . t_wei_prop *9 . 8 1 ; % magnitude o f g rav i ty
414 F_grav_vec = [0 0 -1 ] *F_grav_mag ; % cr ea t F_g vec to r
415
416
417 % l e v e r arms f o r each harness po int and grav i ty
418 lev_arm_vec_c = change_orig in ( Poi_center_rot , har_c_lean ) ;
419 lev_arm_vec_l = change_orig in ( Poi_center_rot , har_l_lean ) ;
420 lev_arm_vec_r = change_orig in ( Poi_center_rot , har_r_lean ) ;
421 lev_arm_vec_f = change_orig in ( Poi_center_rot , har_f_lean ) ;
422 lev_arm_vec_g = change_orig in ( Poi_center_rot , Pat_CoM_lean) ;
423
424 lev_arm_harn_mag = norm( lev_arm_vec_c ) ;
425 lev_arm_grav_mag = norm( lev_arm_vec_g ) ;
426
427
428 to r s o_d i r e c i t on = change_orig in ( Poi_center_rot , Pat_CoM_lean) ; % vecto r that

i s pe rpend i cu la r to plane o f harness
429
430
431 % f i nd component that i s p a r a l l e l to the to r s o d i r e c i t o n and does not he lp move

ch i l d
432 % https : //www. youtube . com/watch?v=fqPiDICPkj8
433 fvec_comp_l_para = project_v1_on_v2 ( fvec_l_end , t o r s o_d i r e c i t on ) ;
434 fvec_comp_r_para = project_v1_on_v2 ( fvec_r_end , t o r s o_d i r e c i t on ) ;
435 fvec_comp_f_para = project_v1_on_v2 ( fvec_f_end , t o r s o_d i r e c i t on ) ;
436 fvec_comp_g_para = project_v1_on_v2 (F_grav_vec , t o r s o_d i r e c i t on ) ;
437 % get magnitude f o r each vec to r
438 mag_Fl_comp_para = norm( fvec_comp_l_para ) ;
439 mag_Fr_comp_para = norm( fvec_comp_r_para ) ;
440 mag_Ff_comp_para = norm( fvec_comp_f_para ) ;
441
442
443 % f i nd components pe rpend i cu la r to to r s o d i r e c t i o n ( p a r a l l e l to harness plane

and do move ch i l d )
444 fvec_comp_l_move = fvec_l_end - fvec_comp_l_para ;
445 fvec_comp_r_move = fvec_r_end - fvec_comp_r_para ;
446 fvec_comp_f_move = fvec_f_end - fvec_comp_f_para ;
447 fvec_comp_g_move = F_grav_vec - fvec_comp_g_para ;
448 % get magnitude f o r each vec to r
449 mag_Fl_comp_move = norm( fvec_comp_l_move ) ;
450 mag_Fr_comp_move = norm( fvec_comp_r_move ) ;
451 mag_Ff_comp_move = norm( fvec_comp_f_move ) ;
452 mag_Fg_comp_move = norm( fvec_comp_g_move) ;
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453
454
455 % get net f o r c e s r e l a t e d to the harness ( to ta l , p a r a s i t i c , movement gene ra t ing )
456 fnet_harn = fvec_l_end + fvec_r_end + fvec_f_end ;
457 fnet_harn_para = fvec_comp_l_para + fvec_comp_r_para + fvec_comp_f_para ;
458 fnet_harn_move = fvec_comp_l_move + fvec_comp_r_move + fvec_comp_f_move ;
459
460
461 % get torques
462 tnet_vec = fnet_harn_move*lev_arm_harn_mag + fvec_comp_g_move*lev_arm_grav_mag ;
463 tnet_mag = norm( tnet_vec ) ;
464
465
466
467 %% know , mathematical ly , i f torque w i l l c o r r e c t or ch i l d w i l l f a l l over
468
469 % - - - f i nd i n g vec to r torque d i r e c t i o n to cente r - - -
470 % https : //www. youtube . com/watch?v=imBrK9QB5AA
471 % f ind ang le from z ax i s
472 lean_z_height = har_c_lean (3 ) - Poi_center_rot (3 ) ; % f i nd v e r t i c a l he ight

component ( o r i g i n = cente r o f r o t a t i on )
473
474 lean_thet = acosd ( lean_z_height /Hei_harn ) ; % Hei_harn = hypotenuse
475
476 % f i nd po int o f i n t e r s e c t i o n with z ax i s
477 % swi tch ing from complete ly ho r i z on t a l motion from lean po int to z ax i s
478 % to an angled d i r e c t i o n to z ax i s 90 deg to l ean vec to r
479 lean_len_orthog_z_intersect = Hei_harn/ cosd ( lean_thet ) ;
480 l ean_z_inte r sec t = create_point (0 , 0 , lean_len_orthog_z_intersect ) +

Poi_center_rot ;
481
482 % d i r e c t i o n o f torque that would most d i r e c t l y c o r r e c t the pa t i en t from the

cu r r e c t p o s i t i o n
483 torq_correct ing_direc_vect = change_orig in ( har_c_lean , l ean_z_inte r sec t ) ;
484
485
486 % know , mathematical ly , i f torque w i l l c o r r e c t or ch i l d w i l l f a l l over
487 % get the un i t vec to r o f the torque and r i g h t i n g d i r e c t i o n ve c t o r s
488 torq_net_direc = tnet_vec/norm( tnet_vec ) ;
489 d i rec_to_correct = torq_correct ing_direc_vect /norm( torq_correct ing_direc_vect ) ;
490
491 % main way i t was done but ang_tdirec_di f now used s i n c e r e s u l t i s more e a s i l y

understandable
492 d i r e c t i on_torque = torq_net_direc / d i rec_to_correct ;
493
494 % f i nd ang le ( deg ) d i f f e r e n c e between the i d e a l torque d i r e c t i o n and the r e a l

torque
495 ang_tdirec_dif_pre = dot ( tnet_vec , torq_correct ing_direc_vect ) /dot (norm( tnet_vec )

,norm( torq_correct ing_direc_vect ) ) ;
496 ang_tdirec_di f = acosd ( round ( ang_tdirec_dif_pre , 10) ) ; % rounding e l s e

the re may be an imaginary output
497
498
499
500 % &&& maybe need something to check the value , i f the d i r e c t i o n s don ' t match

we l l then send a
501 % warning
502 i f flag_SHOW. disp_text
503 i f d i r e c t i on_torque > 0
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504 f p r i n t f (”Net torque ac t ing on the ch i l d WOULD automat i ca l l y r i g h t them
from th i s p o s i t i o n . \ n\n”) ;

505 e l s e
506 f p r i n t f (2 , ”Net torque ac t ing on the ch i l d w i l l cause them to FALL from

th i s p o s i t i o n . \ n” + ...
507 ”Further changes are needed to make t h i s s a f e \n\n”) ;
508 end
509 end
510
511 %% f ind l a r g e s t p a r a s i t i c f o r c e
512 % use value o f l a r g e s t index to save that va lue and r e t a i n the s i gn
513 f_mag_para_max = max( abs ( [ mag_Fl_comp_para mag_Fr_comp_para mag_Ff_comp_para ] ) ) ;
514
515
516
517 %% f ind moments induced on the ch i l d by the 3 harness po in t s
518
519 % f i nd the d i r e c t i o n s o f the tangents at each po int
520 tan_r = c r o s s ( to r so_d i r e c i t on , change_orig in ( har_c_lean , har_l_lean ) ) ;
521 tan_l = c r o s s ( to r so_d i r e c i t on , change_orig in ( har_c_lean , har_r_lean ) ) ;
522 tan_f = c r o s s ( to r so_d i r e c i t on , change_orig in ( har_c_lean , har_f_lean ) ) ;
523
524
525 % f i nd the component o f the moving f o r c e component that i s p a r a l l e l to the

tangent
526 fvec_comp_l_moment = project_v1_on_v2 ( fvec_comp_l_move , tan_r ) ;
527 fvec_comp_r_moment = project_v1_on_v2 ( fvec_comp_r_move , tan_l ) ;
528 fvec_comp_f_moment = project_v1_on_v2 ( fvec_comp_f_move , tan_f ) ;
529
530
531 % net tw i s t i n g moment
532 torq_net_twist = Child . t_rad *( fvec_comp_l_moment + fvec_comp_r_moment +

fvec_comp_f_moment ) ;
533 torq_net_twist_mag = norm( torq_net_twist ) ;
534
535
536 % Used to check to make sure th ing s are s t i l l making sence
537 % f i nd magnitudes o f everyth ing
538 mag_Fl_comp_mom = norm( fvec_comp_l_moment ) ;
539 mag_Fr_comp_mom = norm( fvec_comp_r_moment ) ;
540 mag_Ff_comp_mom = norm( fvec_comp_f_moment ) ;
541
542 torq_net_twist_mag2 = mag_Fl_comp_mom + mag_Fr_comp_mom + mag_Ff_comp_mom;
543
544
545
546 % have to round as matlab may not see them as 100% p e r f e c t l y the same
547 % 5 decimal p l a c e s should be we l l good enough
548 i f flag_SHOW. disp_text
549 i f round (mag_Fl_comp_move , 5) >= round (mag_Fl_comp_mom, 5)
550 f p r i n t f (”Moments f o r l e f t seem good . Total mag i s : \ t%gN \ t and torque

component mag i s : \ t \ t%gN.\ n” , mag_Fl_comp_move , mag_Fl_comp_mom) ;
551 e l s e
552 d i sp (” Something i s wrong , f o r c e s f o r l e f t seem a b i t s t range ”)
553 mag_Fl_comp_move
554 mag_Fl_comp_mom
555 end
556 i f round (mag_Fr_comp_move , 5) >= round (mag_Fr_comp_mom, 5)
557 f p r i n t f (”Moments f o r r i g h t seem good . Total mag i s : \ t%gN \ t and torque
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component mag i s : \ t \ t%gN.\ n” , mag_Fr_comp_move , mag_Fr_comp_mom) ;
558 e l s e
559 d i sp (” Something i s wrong , f o r c e s f o r r i g h t seem a b i t s t range ”)
560 mag_Fr_comp_move
561 mag_Fr_comp_mom
562 end
563 i f round (mag_Ff_comp_move , 5) >= round (mag_Ff_comp_mom, 5)
564 f p r i n t f (”Moments f o r f r on t seem good . Total mag i s : \ t%gN \ t and torque

component mag i s : \ t \ t%gN.\ n” , mag_Ff_comp_move , mag_Ff_comp_mom) ;
565 e l s e
566 d i sp (” Something i s wrong , f o r c e s f o r f r on t seem a b i t s t range ”)
567 mag_Ff_comp_move
568 mag_Ff_comp_mom
569 end
570
571 f p r i n t f (”Net torque magnitude i s : \ t%gNm\n\n” , tnet_mag ) ;
572 end
573
574
575
576 i f flag_SHOW. disp_text
577 f p r i n t f (”The p a r a s i t i c f o r c e at the l e f t harness po int has a magnitude o f : \

t%gN.\ n” , mag_Fl_comp_para) ;
578 f p r i n t f (”The p a r a s i t i c f o r c e at the r i g h t harness po int has a magnitude o f :

\ t%gN.\ n” , mag_Fr_comp_para) ;
579 f p r i n t f (”The p a r a s i t i c f o r c e at the f r on t harness po int has a magnitude o f :

\ t%gN.\ n” , mag_Ff_comp_para) ;
580
581
582 i f mag_Fl_comp_para > mag_Fr_comp_para && mag_Fl_comp_para >

mag_Ff_comp_para
583 biggest_para_name = ” l e f t ” ;
584 biggest_para_val = mag_Fl_comp_para ;
585
586 e l s e i f mag_Fr_comp_para > mag_Fl_comp_para && mag_Fr_comp_para >

mag_Ff_comp_para
587 biggest_para_name = ” r i gh t ” ;
588 biggest_para_val = mag_Fr_comp_para ;
589
590 e l s e i f mag_Ff_comp_para > mag_Fr_comp_para && mag_Ff_comp_para >

mag_Fl_comp_para
591 biggest_para_name = ” f r on t ” ;
592 biggest_para_val = mag_Ff_comp_para ;
593
594 e l s e i f mag_Fl_comp_para == mag_Fr_comp_para && mag_Fl_comp_para ==

mag_Ff_comp_para && mag_Fr_comp_para == mag_Ff_comp_para
595 biggest_para_name = ” a l l ” ;
596 biggest_para_val = mag_Fl_comp_para ;
597
598 e l s e i f mag_Fl_comp_para == mag_Fr_comp_para
599 biggest_para_name = ” l e f t and r i gh t ” ;
600 biggest_para_val = mag_Fl_comp_para ;
601
602 e l s e i f mag_Fl_comp_para == mag_Ff_comp_para
603 biggest_para_name = ” l e f t and f r on t ” ;
604 biggest_para_val = mag_Fl_comp_para ;
605
606 e l s e i f mag_Fr_comp_para == mag_Ff_comp_para
607 biggest_para_name = ” r i gh t and f r on t ” ;
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608 biggest_para_val = mag_Fr_comp_para ;
609
610 e l s e
611 biggest_para_name = ”none ” ;
612 biggest_para_val = 0 ;
613
614 end
615
616
617 f p r i n t f (”The h i ghe s t p a r a s i t i c f o r c e was found at the %s harness po int . I t s

magnitude was : \ t%gN.\ n” , biggest_para_name , biggest_para_val ) ;
618
619 end
620
621
622 %% plo t ”3D model” o f d e s i r ed
623 i f flag_SHOW. disp_3d_model
624 % de f i n e custom co l o r s
625 col_green = [0 0 .8 0 ] ;
626 grayColor = [ . 7 . 7 . 7 ] ;
627 rope_color = [ . 3 . 3 . 3 ] ;
628
629 % determine l b l o f f s e t
630 lb l_x_o f f s e t = 5 ;
631 lb l_y_o f f s e t = 5 ;
632
633 % de f i n e s i z e o f po in t s
634 p_size_har = 25 ;
635 p_size_pul l = 10 ;
636 p_size_other = 7 ;
637 p_size_extra = 3 ;
638
639 % de f i n e s t y l e o f po in t s
640 p_style_har = ' . ' ;
641 p_style_pul l = ' o ' ;
642 p_style_other = ' * ' ;
643 p_style_extra = ' * ' ;
644
645
646 % se t up f i g u r e n i c e l y
647 f i g_ lab s = [ ”X (m) ” ”Y (m) ” ”Z (m) ” ] ;
648 f i g_ l ims = [ - 0 . 1 3 ; - 0 . 1 2 . 5 ; 0 0 ] ;
649 setup_f ig (” f i g ” , [ 0 0 0 ] , [ 1 1 1 ] , ” ropes ” , 0 , R_INTERCON, [ 0 - 90 ] , f i g_labs

, f ig_l ims , true , true , t rue ) ;
650 % [ -52 .924265327415206 35 .212596336003756 ]
651 % [ -54 .743532992464878 29 .922107967541887 ]
652 % [180 -90 ]
653 % [ -90 0 ]
654 % [0 110 ]
655
656 i f flag_SHOW. r ad i u s_c i r c l e
657 % a c r i c l e i n d i c a t i n g rad iu s from cente r
658 p lo tCi r c l e3D ( [Har_C_0(1) Har_C_0(2) 0 ] , [ 0 0 1 ] , Vars . rad_col , ' k : ' )
659
660 p l o t_ l i n e ( [Har_C_0(1) Har_C_0(2) 0 ] , [Pul_UR_C(1) Pul_UR_C(2) 0 ] , ' : ' , '

k ' )
661 plot_point ( [ abs (Har_C_0(1) /2 -Pul_UR_C(1) ) abs (Har_C_0(2) /2 -Pul_UR_C(2) )

0 ] , ”” , 5 , ' k ' , s t r c a t ( ' Col Rad=' , num2str ( Vars . rad_col ) , ”m”) , '
l e f t ' )
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662
663 end
664
665
666 % p lo t pu l l ey l o c a t i o n s
667 i f R_INTERCON
668 i f flag_SHOW. main_lables
669 % when the l a b l e s should be shown
670 lb l_pu l l (1 ) = ”UL_{CW}” ;
671 lb l_pu l l (2 ) = ”UL_{CCW}” ;
672 lb l_pu l l (3 ) = ”UR_{CW}” ;
673 lb l_pu l l (4 ) = ”UR_{CCW}” ;
674 lb l_pu l l (5 ) = ”UF_{CW}” ;
675 lb l_pu l l (6 ) = ”UF_{CCW}” ;
676 lb l_pu l l (7 ) = ”BL_{CW}” ;
677 lb l_pu l l (8 ) = ”BL_{CCW}” ;
678 lb l_pu l l (9 ) = ”BR_{CW}” ;
679 lb l_pu l l (10) = ”BR_{CCW}” ;
680 lb l_pu l l (11) = ”BF_{CW}” ;
681 lb l_pu l l (12) = ”BF_{CCW}” ;
682 e l s e
683 % when the l a b l e s should not be shown
684 f o r i =1:12
685 lb l_pu l l ( i ) = ”” ;
686 end
687 end
688 plot_point (Pul_UL_CW, p_style_pull , p_size_pull , ' b ' , l b l_pu l l ( 1 ) , '

r i g h t ' )
689 plot_point (Pul_UL_CCW, p_style_pull , p_size_pull , ' b ' , l b l_pu l l ( 2 ) , '

l e f t ' )
690 plot_point (Pul_UR_CW, p_style_pull , p_size_pull , ' r ' , l b l_pu l l ( 3 ) , '

r i g h t ' )
691 plot_point (Pul_UR_CCW, p_style_pull , p_size_pull , ' r ' , l b l_pu l l ( 4 ) , '

l e f t ' )
692 plot_point (Pul_UF_CW, p_style_pull , p_size_pull , col_green , l b l_pu l l ( 5 ) ,

' l e f t ' )
693 plot_point (Pul_UF_CCW, p_style_pull , p_size_pull , col_green , l b l_pu l l ( 6 )

, ' r i g h t ' )
694 plot_point (Pul_BL_CW, p_style_pull , p_size_pull , ' b ' , l b l_pu l l ( 7 ) , '

r i g h t ' )
695 plot_point (Pul_BL_CCW, p_style_pull , p_size_pull , ' b ' , l b l_pu l l ( 8 ) , '

l e f t ' )
696 plot_point (Pul_BR_CW, p_style_pull , p_size_pull , ' r ' , l b l_pu l l ( 9 ) , '

r i g h t ' )
697 plot_point (Pul_BR_CCW, p_style_pull , p_size_pull , ' r ' , l b l_pu l l (10) , '

l e f t ' )
698 plot_point (Pul_BF_CW, p_style_pull , p_size_pull , col_green , l b l_pu l l (11)

, ' l e f t ' )
699 plot_point (Pul_BF_CCW, p_style_pull , p_size_pull , col_green , l b l_pu l l

(12) , ' r i g h t ' )
700
701 e l s e
702 i f flag_SHOW. main_lables
703 % when the l a b l e s should be shown
704 lb l_pu l l (1 ) = ”UL” ;
705 l b l_pu l l (2 ) = ”UR” ;
706 lb l_pu l l (3 ) = ”UF” ;
707 e l s e
708 % when the l a b l e s should not be shown
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709 f o r i =1:3
710 lb l_pu l l ( i ) = ”” ;
711 end
712 end
713 plot_point (Pul_UL_C, p_style_pull , p_size_pull , ' b ' , l b l_pu l l ( 1 ) , ' r i g h t

' )
714 plot_point (Pul_UR_C, p_style_pull , p_size_pull , ' r ' , l b l_pu l l ( 2 ) , ' r i g h t

' )
715 plot_point (Pul_UF_C, p_style_pull , p_size_pull , col_green , l b l_pu l l ( 3 ) ,

' l e f t ' )
716 end
717
718
719
720 % p lo t cent e r o f rat ion , CoM
721 i f flag_SHOW. main_lables
722 % when the l a b l e s should be shown
723 lb l_other (1 ) = ”Cent\_rot ” ;
724 lb l_other (2 ) = ”CoM” ;
725 e l s e
726 % when the l a b l e s should not be shown
727 lb l_other (1 ) = ”” ;
728 lb l_other (2 ) = ”” ;
729 end
730 plot_point ( Poi_center_rot , p_style_other , p_size_other , 'm' , lb l_other (1 ) , '

l e f t ' )
731 plot_point (Pat_CoM_lean , p_style_other , p_size_other , 'm' , lb l_other (2 ) , '

r i g h t ' )
732
733
734 % p lo t top o f head and shou lde r s
735 i f flag_SHOW. ext ra_ lab l e s
736 % when the l a b l e s should be shown
737 lb l_ext r (1 ) = ”Head top ” ;
738 lb l_ext r (2 ) = ” Shoulder top ” ;
739 e l s e
740 % when the l a b l e s should not be shown
741 lb l_ext r (1 ) = ”” ;
742 lb l_ext r (2 ) = ”” ;
743 end
744 plot_point ( Pat_head_tip , p_style_extra , p_size_extra , 'm' , l b l_ext r (1 ) , '

l e f t ' )
745 plot_point ( Pat_shoulders , p_style_extra , p_size_extra , 'm' , l b l_ext r (2 ) , '

l e f t ' )
746
747
748
749 i f flag_SHOW. s t a r t_ l o ca t i on && ~(Vars . l_medlat == 0 && Vars . l_antpos == 0 &&

Vars . tw i s t == 0)
750 % p lo t harness s t a r t l o c a t i o n ( the se 3 are p lo ted at same l e v e l )
751 i f flag_SHOW. main_lables
752 % when the l a b l e s should be shown
753 lbl_har_0 (1) = ”H_{ l - 0 } ” ;
754 lbl_har_0 (2) = ”H_{r - 0 } ” ;
755 lbl_har_0 (3) = ”H_{ f - 0 } ” ;
756 e l s e
757 % when the l a b l e s should not be shown
758 f o r i =1:3
759 lbl_har_0 ( i ) = ”” ;
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760 end
761 end
762 plot_point (Har_L_0 , p_style_har , p_size_har , 'b ' , lbl_har_0 (1) , ' l e f t ' )
763 plot_point (Har_R_0, p_style_har , p_size_har , ' r ' , lbl_har_0 (2) , ' l e f t ' )
764 plot_point (Har_F_0 , p_style_har , p_size_har , col_green , lbl_har_0 (3) , '

l e f t ' )
765
766 % p lo t s t a r t i n g harness p o i s t i o n
767 p lo tCi r c l e3D (Har_C_0, c r o s s (Har_R_0-Har_L_0 , Har_F_0-Har_L_0) , Child .

t_rad , 'm: ' )
768
769 % s t a r t i n g to r s o
770 p l o t_ l i n e ( Poi_center_rot , Pat_head_tip_0 , ' - - ' , ' c ' )
771 end
772
773
774 % p lo t harness end l o c a t i o n
775 i f flag_SHOW. main_lables
776 % when the l a b l e s should be shown
777 lbl_har_l (1 ) = ”H_l ” ;
778 lbl_har_l (2 ) = ”H_r” ;
779 lbl_har_l (3 ) = ”H_f ” ;
780 e l s e
781 % when the l a b l e s should not be shown
782 f o r i =1:3
783 lbl_har_l ( i ) = ”” ;
784 end
785 end
786 plot_point ( har_l_lean , p_style_har , p_size_har , 'b ' , lb l_har_l (1 ) , ' l e f t ' )
787 plot_point ( har_r_lean , p_style_har , p_size_har , ' r ' , lb l_har_l (2 ) , ' l e f t ' )
788 plot_point ( har_f_lean , p_style_har , p_size_har , col_green , lbl_har_l (3 ) , '

l e f t ' )
789
790 % make c i r c l e i n d i c a t i n g harness
791 p lo tCi r c l e3D ( har_c_lean , c r o s s ( har_r_lean - har_l_lean , har_f_lean - har_l_lean ) ,

Child . t_rad , 'm- ' )
792
793
794
795 % p lo t other cab l e connect i ons i f ropes are in t e r connec t ed
796 i f flag_SHOW. ext ra_ lab l e s && R_INTERCON
797 % when the l a b l e s f o r in t e r connec t ed ropes should be shown
798 lb l_rope (1 ) = ”Rope_{L-R}” ;
799 lb l_rope (2 ) = ”Rope_{R-F}” ;
800 lb l_rope (3 ) = ”Rope_{F-L}” ;
801
802 e l s e i f flag_SHOW. ext ra_ lab l e s && ~R_INTERCON
803 % when the l a b l e s f o r s epara te ropes should be shown
804 lb l_rope (1 ) = ”Rope_{L}” ;
805 lb l_rope (2 ) = ”Rope_{R}” ;
806 lb l_rope (3 ) = ”Rope_{F}” ;
807
808 e l s e
809 % when the l a b l e s should not be shown
810 lb l_rope (1 ) = ”” ;
811 lb l_rope (2 ) = ”” ;
812 lb l_rope (3 ) = ”” ;
813 end
814 i f R_INTERCON
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815 p l o t_ l i n e (Pul_UL_CW, Pul_BL_CW, ' - ' , rope_color )
816 p l o t_ l i n e (Pul_UL_CCW, Pul_BL_CCW, ' - ' , rope_color )
817 p l o t_ l i n e (Pul_UR_CW, Pul_BR_CW, ' - ' , rope_color )
818 p l o t_ l i n e (Pul_UR_CCW, Pul_BR_CCW, ' - ' , rope_color )
819 p l o t_ l i n e (Pul_UF_CW, Pul_BF_CW, ' - ' , rope_color )
820 p l o t_ l i n e (Pul_UF_CCW, Pul_BF_CCW, ' - ' , rope_color )
821 p l o t_ l i n e (Pul_BL_CW, Pul_BF_CCW, ' - ' , rope_color )
822 p l o t_ l i n e (Pul_BF_CW, Pul_BR_CCW, ' - ' , rope_color )
823 p l o t_ l i n e (Pul_BR_CW, Pul_BL_CCW, ' - ' , rope_color )
824
825 % l a b e l ropes
826 plot_point (Pul_BR_CW/2 , ”” , 5 , rope_color , lb l_rope (1 ) , ' l e f t ' )
827 plot_point ( [ 1 . 3 5 0 .8 0 ] , ”” , 5 , rope_color , lb l_rope (2 ) , ' l e f t ' )
828 plot_point (Pul_BF_CCW/2 , ”” , 5 , rope_color , lb l_rope (3 ) , ' l e f t ' )
829
830 e l s e
831 p l o t_ l i n e (Pul_UL_C, [Pul_UL_C(1) Pul_UL_C(2) 0 ] , ' - ' , 'm' )
832 p l o t_ l i n e (Pul_UR_C, [Pul_UR_C(1) Pul_UR_C(2) 0 ] , ' - ' , 'm' )
833 p l o t_ l i n e (Pul_UF_C, [Pul_UF_C(1) Pul_UF_C(2) 0 ] , ' - ' , 'm' )
834
835 % l a b e l ropes
836 plot_point ( [Pul_UL_C(1) +0.2 Pul_UL_C(2) +0.2 Pul_UL_C(3) - 0 . 1 ] , ”” , 5 ,

rope_color , lb l_rope (1 ) , ' l e f t ' )
837 plot_point ( [Pul_UR_C(1) -0 . 2 Pul_UR_C(2) +0.2 Pul_UR_C(3) - 0 . 1 ] , ”” , 5 ,

rope_color , lb l_rope (2 ) , ' l e f t ' )
838 plot_point ( [Pul_UF_C(1) Pul_UF_C(2) -0 . 2 Pul_UF_C(3) - 0 . 1 ] , ”” , 5 ,

rope_color , lb l_rope (3 ) , ' l e f t ' )
839 end
840
841
842 % p lo t l i n e i nd i c a t i n g s ea t and pa r t i c i p an t
843 p l o t_ l i n e ( Poi_center_rot , [ Poi_center_rot (1 ) Poi_center_rot (2 ) 0 ] , ' - ' , 'm' )
844 p l o t_ l i n e ( Poi_center_rot , Pat_head_tip , ' - ' , ' c ' )
845
846
847 i f flag_SHOW. t_net_vec
848 % p lo t c o r r e c t i n g torque
849 % change name based on i f the magniutde should be inc luded or not
850 i f flag_SHOW. vector_magnitude
851 lbl_T = s t r c a t ( 'T_{net}= ' , num2str ( round (norm( tnet_vec ) , 3) ) ) ;
852 e l s e
853 lbl_T = 'T_{net } ' ;
854 end
855
856 plot_force_vec ( har_c_lean , tnet_vec , ' - ' , 'm' , lbl_T , ' l e f t ' ,

FORCE_SCALING, 0)
857 end
858
859
860
861 i f flag_SHOW. s t a r t_ l o ca t i on && ~(Vars . l_medlat == 0 && Vars . l_antpos == 0 &&

Vars . tw i s t == 0)
862 % p lo t ropes going to s t a r t i n g harness po in t s
863 i f R_INTERCON
864 p l o t_ l i n e (Pul_UL_CW, Har_L_0 , ' - - ' , rope_color )
865 p l o t_ l i n e (Pul_UL_CCW, Har_L_0 , ' - - ' , rope_color )
866 p l o t_ l i n e (Pul_UR_CW, Har_R_0, ' - - ' , rope_color )
867 p l o t_ l i n e (Pul_UR_CCW, Har_R_0, ' - - ' , rope_color )
868 p l o t_ l i n e (Pul_UF_CW, Har_F_0 , ' - - ' , rope_color )
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869 p l o t_ l i n e (Pul_UF_CCW, Har_F_0 , ' - - ' , rope_color )
870 e l s e
871 p l o t_ l i n e (Pul_UL_C, Har_L_0 , ' - - ' , rope_color )
872 p l o t_ l i n e (Pul_UR_C, Har_R_0, ' - - ' , rope_color )
873 p l o t_ l i n e (Pul_UF_C, Har_F_0 , ' - - ' , rope_color )
874 end
875
876
877 i f flag_SHOW. r e f_s t a r s
878 % p lo t r e f f e r e n c e s t a r at s t a r t i n g po int
879 p l o t_ l i n e (Har_C_0, Ref_Star_0 ( 1 , : ) , ” : ” , [ 0 . 6 350 0 .0780 0 . 1 8 4 0 ] )
880 p l o t_ l i n e (Har_C_0, Ref_Star_0 ( 2 , : ) , ” : ” , [ 0 . 4 660 0 .6740 0 . 1 8 8 0 ] )
881 p l o t_ l i n e (Har_C_0, Ref_Star_0 ( 3 , : ) , ” : ” , [ 0 0 .4470 0 . 7 4 1 0 ] )
882 end
883 end
884
885
886 % p lo t ropes going to l ean ing harness po in t s
887 i f R_INTERCON
888 p l o t_ l i n e (Pul_UL_CW, har_l_lean , ' - ' , rope_color )
889 p l o t_ l i n e (Pul_UL_CCW, har_l_lean , ' - ' , rope_color )
890 p l o t_ l i n e (Pul_UR_CW, har_r_lean , ' - ' , rope_color )
891 p l o t_ l i n e (Pul_UR_CCW, har_r_lean , ' - ' , rope_color )
892 p l o t_ l i n e (Pul_UF_CW, har_f_lean , ' - ' , rope_color )
893 p l o t_ l i n e (Pul_UF_CCW, har_f_lean , ' - ' , rope_color )
894
895 e l s e
896 p l o t_ l i n e (Pul_UL_C, har_l_lean , ' - ' , rope_color )
897 p l o t_ l i n e (Pul_UR_C, har_r_lean , ' - ' , rope_color )
898 p l o t_ l i n e (Pul_UF_C, har_f_lean , ' - ' , rope_color )
899 end
900
901
902 i f flag_SHOW. r e f_s t a r s
903 % p lo t r e f f e r e n c e s t a r at l ean po int
904 p l o t_ l i n e ( har_c_lean , Ref_Star_lean ( 1 , : ) , ” -” , [ 0 . 6 350 0 .0780 0 . 1 8 4 0 ] )
905 p l o t_ l i n e ( har_c_lean , Ref_Star_lean ( 2 , : ) , ” -” , [ 0 . 4 660 0 .6740 0 . 1 8 8 0 ] )
906 p l o t_ l i n e ( har_c_lean , Ref_Star_lean ( 3 , : ) , ” -” , [ 0 0 .4470 0 . 7 4 1 0 ] )
907
908 % p lo t r e f f e r e n c e s t a r at c en te r o f r o t a t i on
909 p l o t_ l i n e ( Poi_center_rot , Poi_center_rot+[Len_ref_star 0 0 ] , ” -” ,

[ 0 . 6 350 0 .0780 0 . 1 8 4 0 ] )
910 p l o t_ l i n e ( Poi_center_rot , Poi_center_rot+[0 Len_ref_star 0 ] , ” -” ,

[ 0 . 4 660 0 .6740 0 . 1 8 8 0 ] )
911 p l o t_ l i n e ( Poi_center_rot , Poi_center_rot+[0 0 Len_ref_star ] , ” -” , [ 0

0 .4470 0 . 7 4 1 0 ] )
912 end
913
914
915 % p lo t net f o r c e s at harness and grav i ty po in t s
916 i f flag_SHOW. rope_force
917
918 % change name based on i f the magniutde should be inc luded or not
919 i f flag_SHOW. vector_magnitude
920 lbl_F_l = s t r c a t ( 'F_l = ' , num2str (norm( fvec_l_end ) ) ) ;
921 lbl_F_r = s t r c a t ( 'F_r = ' , num2str (norm( fvec_r_end ) ) ) ;
922 lbl_F_f = s t r c a t ( 'F_f = ' , num2str (norm( fvec_f_end ) ) ) ;
923 lbl_F_g = s t r c a t ( 'F_{g ( s c a l ed ) } = ' , num2str (norm(F_grav_vec ) ) ) ;
924
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925 e l s e
926 lbl_F_l = 'F_l ' ;
927 lbl_F_r = 'F_r ' ;
928 lbl_F_f = 'F_f ' ;
929 lbl_F_g = 'F_{g ( s c a l ed ) } ' ;
930
931 end
932
933 i f flag_SHOW. net_force_at_center
934 % p lo t f o r c e s ac t ing on harness at the r e f f e r e n c e s t a r
935 plot_force_vec ( har_c_lean , fvec_l_end , ' - ' , ' b ' , lbl_F_l , ' l e f t ' ,

FORCE_SCALING, 0)
936 plot_force_vec ( har_c_lean , fvec_r_end , ' - ' , ' r ' , lbl_F_r , ' l e f t ' ,

FORCE_SCALING, 0)
937 plot_force_vec ( har_c_lean , fvec_f_end , ' - ' , col_green , lbl_F_f , '

l e f t ' , FORCE_SCALING, 0)
938
939 e l s e
940 % p lo t net f o r c e s ac t ing on harness at the harness po in t s
941 plot_force_vec ( har_l_lean , fvec_l_end , ' - ' , ' b ' , lbl_F_l , ' l e f t ' ,

FORCE_SCALING, 0)
942 plot_force_vec ( har_r_lean , fvec_r_end , ' - ' , ' r ' , lbl_F_r , ' l e f t ' ,

FORCE_SCALING, 0)
943 plot_force_vec ( har_f_lean , fvec_f_end , ' - ' , col_green , lbl_F_f , '

l e f t ' , FORCE_SCALING, 0)
944
945 % l e v e r arms f o r each harness po int
946 p l o t_ l i n e ( ( lev_arm_vec_l + Poi_center_rot ) , Poi_center_rot , ' : ' , ' b '

)
947 p l o t_ l i n e ( ( lev_arm_vec_r + Poi_center_rot ) , Poi_center_rot , ' : ' , ' r '

)
948 p l o t_ l i n e ( ( lev_arm_vec_f + Poi_center_rot ) , Poi_center_rot , ' : ' ,

co l_green )
949 end
950
951 % p lo t g rav i ty f o r c e
952 plot_force_vec (Pat_CoM_lean , F_grav_vec , ' - ' , ' c ' , lbl_F_g , ' l e f t ' ,

FORCE_SCALING/7 , 0)
953 end
954
955
956 % net o f f o r c e s ac t ing on harness ( to ta l , p a r a s i t i c , movement gene ra t ing )
957 % plot_force_vec ( har_c_lean , fnet_harn , ' - ' , ”k ” , 'F_{har net } ' , ' l e f t ' ,

FORCE_SCALING, 0)
958 % plot_force_vec ( har_c_lean , fnet_harn_para , ' - ' , [ 0 . 6 350 0 .0780 0 . 1 8 40 ] , '

F_{har para } ' , ' l e f t ' , FORCE_SCALING, 0)
959 % plot_force_vec ( har_c_lean , fnet_harn_move , ' - ' , [ 0 . 4 660 0 .6740 0 . 1 8 80 ] , '

F_{har move} ' , ' l e f t ' , FORCE_SCALING, 0)
960
961 i f flag_SHOW. torque_gen_forces
962 % change name based on i f the magniutde should be inc luded or not
963 i f flag_SHOW. vector_magnitude
964 lbl_F_ltgen = s t r c a t ( 'F_{ l - tgen}= ' , num2str (norm( fvec_comp_l_move ) ) )

;
965 lbl_F_rtgen = s t r c a t ( 'F_{r - tgen}= ' , num2str (norm( fvec_comp_r_move ) ) )

;
966 lbl_F_ftgen = s t r c a t ( 'F_{ f - tgen}= ' , num2str (norm( fvec_comp_f_move ) ) )

;
967 lbl_F_gtgen = s t r c a t ( 'F_{g - tgen}= ' , num2str (norm( fvec_comp_g_move ) ) )
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;
968 e l s e
969 lbl_F_ltgen = 'F_{ l - tgen } ' ;
970 lbl_F_rtgen = 'F_{r - tgen } ' ;
971 lbl_F_ftgen = 'F_{ f - tgen } ' ;
972 lbl_F_gtgen = 'F_{g - tgen } ' ;
973 end
974
975 % p lo t torque gene ra t ing f o r c e s
976 plot_force_vec ( har_l_lean , fvec_comp_l_move , ' - - ' , ' b ' , lbl_F_ltgen , '

l e f t ' , FORCE_SCALING, 0)
977 plot_force_vec ( har_r_lean , fvec_comp_r_move , ' - - ' , ' r ' , lbl_F_rtgen , '

l e f t ' , FORCE_SCALING, 0)
978 plot_force_vec ( har_f_lean , fvec_comp_f_move , ' - - ' , col_green ,

lbl_F_ftgen , ' l e f t ' , FORCE_SCALING, 0)
979 plot_force_vec (Pat_CoM_lean , fvec_comp_g_move , ' - - ' , ' c ' , lbl_F_gtgen , '

l e f t ' , FORCE_SCALING, 0)
980 end
981
982 i f flag_SHOW. pa r a s i t i c_ f o r c e s
983 % change name based on i f the magniutde should be inc luded or not
984 i f flag_SHOW. vector_magnitude
985 lbl_F_lpara = s t r c a t ( 'F_{ l - para}= ' , num2str (norm( fvec_comp_l_move ) ) )

;
986 lbl_F_rpara = s t r c a t ( 'F_{r - para}= ' , num2str (norm( fvec_comp_r_move ) ) )

;
987 lbl_F_fpara = s t r c a t ( 'F_{ f - para}= ' , num2str (norm( fvec_comp_f_move ) ) )

;
988 e l s e
989 lbl_F_lpara = 'F_{ l - para} ' ;
990 lbl_F_rpara = 'F_{r - para} ' ;
991 lbl_F_fpara = 'F_{ f - para} ' ;
992 end
993
994 % p lo t p a r a s i t i c f o r c e s
995 plot_force_vec ( har_l_lean , fvec_comp_l_para , ' - . ' , ' b ' , lbl_F_lpara , '

r i g h t ' , FORCE_SCALING, 0)
996 plot_force_vec ( har_r_lean , fvec_comp_r_para , ' - . ' , ' r ' , lbl_F_rpara , '

r i g h t ' , FORCE_SCALING, 0)
997 plot_force_vec ( har_f_lean , fvec_comp_f_para , ' - . ' , col_green ,

lbl_F_fpara , ' r i g h t ' , FORCE_SCALING, 0)
998 end
999
1000
1001
1002 i f flag_SHOW.moments
1003 % change name based on i f the magniutde should be inc luded or not
1004 i f flag_SHOW. vector_magnitude
1005 lbl_F_lmom = s t r c a t ( 'F_{ l -mom}= ' , num2str (norm( fvec_comp_l_move ) ) ) ;
1006 lbl_F_rmom = s t r c a t ( 'F_{r -mom}= ' , num2str (norm( fvec_comp_r_move ) ) ) ;
1007 lbl_F_fmom = s t r c a t ( 'F_{ f -mom}= ' , num2str (norm( fvec_comp_f_move ) ) ) ;
1008 e l s e
1009 lbl_F_lmom = 'F_{ l -mom} ' ;
1010 lbl_F_rmom = 'F_{r -mom} ' ;
1011 lbl_F_fmom = 'F_{ f -mom} ' ;
1012 end
1013 % p lo t moments ac t ing on ch i l d
1014 plot_force_vec ( har_l_lean , fvec_comp_l_moment , ' : ' , ' b ' , lbl_F_lmom , '

c en t e r ' , FORCE_SCALING, 0)

lix



1015 plot_force_vec ( har_r_lean , fvec_comp_r_moment , ' : ' , ' r ' , lbl_F_rmom , '
c en t e r ' , FORCE_SCALING, 0)

1016 plot_force_vec ( har_f_lean , fvec_comp_f_moment , ' : ' , col_green ,
lbl_F_fmom , ' c en t e r ' , FORCE_SCALING, 0)

1017 end
1018
1019
1020 i f flag_SHOW. show_fie ld
1021 twist_ang = Vars . tw i s t ;
1022 plotForceFie ldHemisphere (0 , 0 , 9 , 11 , twist_ang , Vars , Child , R_INTERCON

, flag_SHOW, Boundary , ”” , f a l s e , t rue ) ;
1023 end
1024
1025 end
1026
1027
1028
1029
1030 %% output data
1031 % r e s u l t i n g torque r e l a t e d in fo rmat ion
1032 output_data . t_net_vec = tnet_vec ; % (Nm) net torque vec to r
1033 output_data . t_net_mag = tnet_mag ; % (Nm) magnitude o f net

torque ( no s i gn )
1034 %output_data . t_net_direc = d i r ec t i on_torque ; % ( -1 to 1) d i f f e r e n c e

between net torque and i d e a l torque d i r e c t i o n based on p r o j e c t i o n
1035 output_data . t_net_direc = ang_tdirec_di f ; % ( deg ) d i f f e r e n c e between

net torque and i d e a l torque d i r e c t i o n based on ang le between two vec to r s
1036 %output_data . t_ang_dif_from_ideal = ang_tdirec_di f ; % ( deg ) d i f f e r e n c e between

net torque and i d e a l torque d i r e c t i o n based on ang le between two vec to r s
1037 output_data . har_c = har_c_lean ; % (m) 3D point vec to r o f

c en t e r o f harness when l ean ing
1038 output_data . center_xy = Har_C_0( 1 : 2 ) ; % (m) 2D point vec to r o f

c e n t r a l p o s i t i o n o f dev i c e
1039
1040
1041 % pa r a s i t i c f o r c e in fo rmat ion
1042 output_data . f_mag_para_max = f_mag_para_max ; % (N) l a r g e s t p a r a s i t i c

f o r c e magnitude
1043 output_data . f_mag_para_l = mag_Fl_comp_para ; % (N) p a r a s i t i c f o r c e on

l e f t harness po int
1044 output_data . f_mag_para_r = mag_Fr_comp_para ; % (N) p a r a s i t i c f o r c e on

r i gh t harness po int
1045 output_data . f_mag_para_f = mag_Ff_comp_para ; % (N) p a r a s i t i c f o r c e on

f r on t harness po int
1046
1047 % return t en s i on f o r c e in each rope
1048 output_data . f_mag_rope_max = fmag_rope_max_end ; % (N) maximum tens i on

exper i enced by ropes
1049 output_data . f_mag_rope_lr = fmag_LR_end ; % (N) l e f t ( - r i g h t ) rope

t en s i on
1050 output_data . f_mag_rope_rf = fmag_RF_end ; % (N) r i gh t ( - f r on t ) rope

t en s i on
1051 output_data . f_mag_rope_fl = fmag_FL_end ; % (N) f r on t ( - l e f t ) rope

t en s i on
1052
1053 % these t rack i f the re i s s l a ck in the rope
1054 output_data . f lg_no_slk_lr = Flag_no_slack_lr ;
1055 output_data . f lg_no_slk_rf = Flag_no_slack_rf ;
1056 output_data . f lg_no_slk_f l = Flag_no_slack_fl ;
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1057
1058 % other checks - - - I f ” t rue ” then good , i f ” f a l s e ” then bad - - -
1059 %output_data . f lg_arm_safe = Flag_arm_safe ;
1060 output_data . f lg_trunk_len = Flag_trunk_len_good ;
1061
1062 % these t rack i f rope s t r e t c h i n g i s good - - - I f ” t rue ” then good , i f ” f a l s e ”

then bad - - -
1063 output_data . unstretched_rope_length = Len_Cab_LR_Unstr ; % de f i n e s how long

o f a rope should be purchaced
1064 output_data . f lg_r_unstrch len = Flag_rope_unstretch_good ; % bad i f unst re thced

rope l ength <= 0
1065 output_data . f lg_r_strchprop_0 = Flag_rope_stretch_0_good ;
1066 output_data . f lg_r_strchprop_lr_end = Flag_rope_stretch_lr_1_good ;
1067 output_data . f lg_r_strchprop_rf_end = Flag_rope_stretch_rf_1_good ;
1068 output_data . f lg_r_strchprop_fl_end = Flag_rope_stretch_fl_1_good ;
1069 output_data . r_strch_perc_0 = r_stretch_perc_0 ;
1070 output_data . r_strch_perc_max = r_stretch_perc_end_max ;
1071 end

F.3 Optimization Code
1 %% OPTIMIZATION FUNCTION
2 func t i on [ output_data , flags_Optim_return ] = optim_genetic_with_cost_func (Vars ,

Child , R_INTERCON, ...
3 flag_SHOW, Boundary , po s i t i on s_o f_ in t e r e s t , size_of_pop , num_top_sol ,

num_fail_gen , s ize_mutation )
4 % Cost func t i on aims to be as LOW as po s s i b l e ( minimizing ) . Uses g en e t i c

opt imiza t i on to do t h i s
5 % po s i t i on s_o f_ in t e r e s t =
6
7 % track ing v a r i a b l e s
8 same_best = 0 ; % number o f g ene ra t i on s a s o l u t i o n has l a s t e d f o r
9 gen_num = 1 ; % track number o f g ene ra t i on s examined
10 max_num_gen = 600 ; % s e t s number o f a l lowed gene ra t i on s ( prevent ing

i n f i n i t e l oops )
11 num_no_sol = 0 ; % used to t rack number o f t imes no good s o l u t i o n s were

found
12 num_no_sol_count = 0 ; % t rack s the number o f t imes a no s o l u t i o n cond i t i on i s

t r i g g e r e d
13
14 num_of_inputs = 3 ; % th i s w i l l need to change i f more v a r i a b l e s to tweak are

added
15
16
17 % w i l l save prev ious s o l u t i o n ( s t a r t at i n f i n i t y to guarantee su c c e s s )
18 % [ gen i nd i v i dua l co s t ]
19 prev_sol = [ 0 0 In f ] ;
20
21
22 % cr ea t e array that w i l l s t o r e each gene ra t i on crea ted and c r ea t the f i r s t

gene ra t i on
23 gen = NaN( num_fail_gen , size_of_pop , num_of_inputs ) ;
24 % gen ( gene ra t i on number , i nd i v i dua l s o lu t i on , va lue being changed )
25 % [K_rope Pre_tension Upper_pul ly_offset ]
26 f o r ind iv =1: size_of_pop
27 gen (gen_num , indiv , : ) = [make_rand_num(Boundary . r_k_min , Boundary . r_k_max ,

'd ' ) make_rand_num(Boundary . r_preten_min , Boundary . r_preten_max , 'd ' )
make_rand_num(Boundary . p_offset_min , Boundary . p_offset_max , 'd ' ) ] ;

28 end
29
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30
31 % cr ea t e some empty ar rays o f the minimum s i z e to he lp with performance ( w i l l

l i k e l y s t i l l change in s i z e )
32 gen_sim_tmags = NaN( num_fail_gen , size_of_pop ) ;
33 gen_sim_tdirecs = NaN( num_fail_gen , size_of_pop ) ;
34 gen_sim_fparas = NaN( num_fail_gen , size_of_pop ) ;
35 V_cost = NaN( num_fail_gen , size_of_pop ) ;
36 gen_weight = NaN( num_fail_gen , size_of_pop ) ;
37
38 % Loop un t i l a s o l u t i o n has l a s t e d f o r g iven number o f g ene ra t i on s ( with

gene ra t i on l im i t and no good s o l u t i o n s l im i t )
39 whi l e ( same_best < num_fail_gen | | prev_sol (1 ) == 0) && gen_num < max_num_gen

&& num_no_sol < 3
40
41 i f mod(gen_num , 20) == 0
42 % ju s t p r i n t s in fo rmat ion about time e lapsed
43 track_time_elapsed ( ' Genetic opt imiza t i on gene ra t i on ' , gen_num , 0)
44 end
45
46
47 % f i nd s o l u t i o n s f o r each generat ion ' s i n d i v i d u a l s at the g iven po in t s
48 f o r ind iv =1: size_of_pop
49 Vars . r_k = gen (gen_num , indiv , 1) ;
50 Vars . r_preten = gen (gen_num , indiv , 2) ;
51 Vars . p_of f s e t = gen (gen_num , indiv , 3) ;
52
53 f o r pos i t ion_check = 1 : s i z e ( po s i t i on s_o f_ in t e r e s t , 1)
54 Vars . l_medlat = po s i t i on s_o f_ in t e r e s t ( pos it ion_check , 1) ;
55 Vars . l_antpos = po s i t i on s_o f_ in t e r e s t ( pos it ion_check , 2) ;
56 Vars . tw i s t = po s i t i on s_o f_ in t e r e s t ( pos it ion_check , 3) ;
57
58 gen_sim_out = sim_device (Vars , Child , R_INTERCON, flag_SHOW,

Boundary ) ;
59
60 % save key outputs o f s imu la t i on
61 gen_sim_tmags (gen_num , indiv , pos i t ion_check ) = gen_sim_out .

t_net_mag ;
62 gen_sim_tdirecs (gen_num , indiv , pos i t ion_check ) = gen_sim_out .

t_net_direc ;
63 gen_sim_fparas (gen_num , indiv , pos i t ion_check ) = gen_sim_out .

f_mag_para_max ;
64
65 % save the checks on rope s t r e t c h i n g
66 gen_sim_flags (gen_num , indiv , pos i t ion_check ) . f l g_r_unstrch len =

gen_sim_out . f lg_r_unstrch len ;
67 gen_sim_flags (gen_num , indiv , pos i t ion_check ) . f lg_r_strchprop_0 =

gen_sim_out . f lg_r_strchprop_0 ;
68 gen_sim_flags (gen_num , indiv , pos i t ion_check ) . f lg_r_strchprop_lr_end

= gen_sim_out . f lg_r_strchprop_lr_end ;
69 gen_sim_flags (gen_num , indiv , pos i t ion_check ) . f lg_r_strchprop_rf_end

= gen_sim_out . f lg_r_strchprop_rf_end ;
70 gen_sim_flags (gen_num , indiv , pos i t ion_check ) . f lg_r_strchprop_fl_end

= gen_sim_out . f lg_r_strchprop_fl_end ;
71
72 end
73 end
74
75 % give co s t func t i on :
76 % f o r a l l i nd i v i dua l s , r e s u l t s o f s imu la t i on s at each po s i t i o n
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77 % the given p o s i t i o n s o f i n t e r e s t
78 % f l a g s o f anomal ies from the code
79 % s i z e o f the populat ion ( so i t doesn ' t need to be c a l c u l a t ed again )
80 gen_manip_values = squeeze ( gen (gen_num , : , : ) ) ; % in format ion f o r each

i nd i v i dua l
81 tmags = squeeze ( gen_sim_tmags (gen_num , : , : ) ) ; % torque magnitudes per

i nd i v i dua l
82 t d i r e c s = squeeze ( gen_sim_tdirecs (gen_num , : , : ) ) ; % torque d i r e c t i o n per

i nd i v i dua l
83 fpa ra s = squeeze ( gen_sim_fparas (gen_num , : , : ) ) ; % l a r g e s t p a r a s i t i c

f o r c e per i nd i v i dua l
84 f l a g s = squeeze ( gen_sim_flags (gen_num , : , : ) ) ; % f l a g s o f s imu la t i on
85
86 % get s array o f the co s t func t i on value f o r each i nd i v i dua l
87 [ V_cost (gen_num , : ) , flags_Optim (gen_num , : ) ] = cost_funct ion (

gen_manip_values , Child . t_opp_str , tmags , t d i r e c s , fparas , f l a g s ,
size_of_pop ) ;

88
89
90
91 % f i nd the bes t n s o l u t i o n s and t h e i r r e s p e c t i v e i nd i v i dua l ( lower i s b e t t e r

)
92 [ best_n_sol {gen_num} , best_n_indiv{gen_num} ] = mink (V_cost (gen_num , : ) ,

num_top_sol ) ;
93
94
95 % check i f the new so l u t i o n i s b e t t e r ( lower ) than the o ld
96 i f best_n_sol {gen_num}(1) < prev_sol (3 ) % i f new best s o l u t i o n be t t e r

than old
97
98 % save i n f o on t h i s new best s o l u t i o n
99 prev_sol = [ gen_num best_n_indiv{gen_num}(1) best_n_sol {gen_num}(1) ] ;

100
101 same_best = 0 ; % r e s e t as new be t t e r s o l u t i o n i s found
102
103 e l s e % i f new best s o l u t i o n i s not be t t e r than old
104 same_best = same_best+1;
105 end
106
107
108 % check i f more i n d i v i d u a l s need to be crea ted ( b i t o f a bandaid s o l u t i o n

f o r the o rde r ing i s s u e )
109 i f same_best < num_fail_gen | | prev_sol (1 ) == 0
110
111 % === s t a r t c r e a t i n g new s e t o f i n d i v i d u a l s ===
112 % top ”num_top_sol” i n d i v i d u a l s are kept the same ( E l i t i s t )
113 f o r ind iv =1:num_top_sol
114 gen (gen_num+1, indiv , : ) = gen (gen_num , best_n_indiv{gen_num}( ind iv )

, : ) ;
115 end
116
117
118 % - - - c r e a t e ch i l d r en with parents ( Crossover s e c t i o n )
119
120 % check to see i f a l l va lue s are I n f
121 i f a l l ( abs (V_cost (gen_num , : ) ) == In f )
122 % means no i nd i v i dua l has a good s o l u t i o n
123 num_no_sol = num_no_sol+1;
124 num_no_sol_count = num_no_sol_count+1;

lxiii



125 gen_num = gen_num - 1 ; % re t r y the gene ra t i on to hope fu l l y get
b e t t e r va lue s

126 f p r i n t f (2 , ”No s o l u t i o n f o r gene ra t i on %d could not be found .
Retrying ” , gen_num)

127
128 e l s e % e l s e the code should work f i n e
129 % how th i s s e c t i o n works could be sped up a l o t
130
131 num_no_sol = 0 ; % r e s e t t h i s
132
133 % track s number o f i n d i v i d u a l s that are not I n f
134 % nece s sa ry in the case that only 1 e x i s t s
135 num_of_valid_sols = 0 ;
136
137 % f i nd maximum value that i s not - I n f . Necessary as I n f va lue s mess

th ing s up
138 max_V_cost = - In f ;
139 f o r g=1: size_of_pop
140 i f V_cost (gen_num , g ) > max_V_cost && V_cost (gen_num , g ) ~= In f
141 max_V_cost = V_cost (gen_num , g ) ; % l a r g e s t co s t that i sn '

t I n f
142 end
143
144 % track number o f va l i d s o l u t i o n s that are not I n f
145 i f V_cost (gen_num , g ) ~= In f
146 num_of_valid_sols = num_of_valid_sols+1;
147 end
148 end
149
150 % se t weight ing (0 -1 ) each i nd i v i dua l g e t s based on t h e i r s c o r e

compared to l a r g e s t .
151 % Ind i v i dua l s o f lower s c o r e s are more l i k e l y to be s e l e c t e d
152 f o r g=1: size_of_pop
153 i f abs (V_cost (gen_num , g ) ) == In f % inca s e any nega t i v e s

appear somehow
154 % these va lue s are known bad and should not be inc luded in

weight ing (= 0)
155 gen_weight (gen_num , g ) = 0 ;
156
157 e l s e
158 i f num_of_valid_sols > 1
159 % these va lue s are good and should be compared to max .

Lower the V_cost
160 % the h igher the weight ing (more l i k e l y to be picked )
161 gen_weight (gen_num , g ) = 1 - V_cost (gen_num , g ) /

max_V_cost ;
162
163 e l s e % in t h i s case the only va l i d opt ion has been found
164 % se t i t as the most l i k e l y opt ion
165 gen_weight (gen_num , g ) = 1 ;
166
167 end
168 end
169 end
170 end
171
172
173 % cr ea t e parents based on weight ing
174 parent_1 = randsample ( 1 : size_of_pop , size_of_pop - num_top_sol , true ,

lxiv



gen_weight (gen_num , : ) ) ;
175 parent_2 = randsample ( 1 : size_of_pop , size_of_pop - num_top_sol , true ,

gen_weight (gen_num , : ) ) ;
176
177
178 % Crossover ( parents ' g e n e t i c s get mixed )
179 f o r couple=1: size_of_pop - num_top_sol
180 % determines where to s p l i t genes between parents
181 where_to_spl it = make_rand_num(1 , num_of_inputs - 1 , ' i ' ) ;
182
183 % cr ea t e ch i l d by combining s e c t i o n s o f parents ' genes
184 gen (gen_num+1, couple+num_top_sol , : ) = [ squeeze ( gen (gen_num ,

parent_1 ( couple ) , 1 : where_to_spl it ) ) ' squeeze ( gen (gen_num ,
parent_2 ( couple ) , where_to_spl it+1:num_of_inputs ) ) ' ] ;

185 end
186
187
188 % mutate each i nd i v i dua l s l i g h t l y
189 f o r ind iv =1: size_of_pop
190 which_to_mutate = make_rand_num(1 , num_of_inputs , ' i ' ) ;
191
192
193 % based on which value to mutate , save appropreate boundary va lue s
194 i f which_to_mutate == 1
195 new_val_max = Boundary . r_k_max ;
196 new_val_min = Boundary . r_k_min ;
197
198 e l s e i f which_to_mutate == 2
199 new_val_max = Boundary . r_preten_max ;
200 new_val_min = Boundary . r_preten_min ;
201
202 e l s e i f which_to_mutate == 3
203 new_val_max = Boundary . p_offset_max ;
204 new_val_min = Boundary . p_offset_min ;
205
206 e l s e % some kind o f b ig e r r o r
207 return
208
209 end
210
211
212 % Calcu la te the maximum change in value
213 maxChange = (new_val_max - new_val_min ) * size_mutation /100 ;
214
215 % Generate a random number with in the range o f ( s ta r tVa lue +-

maxChange )
216 new_val = gen (gen_num+1, indiv , which_to_mutate ) + maxChange*(2* rand

( ) - 1) ;
217
218 % Ensure the generated number i s with in the g iven boundar ies
219 new_val = max(min ( new_val , new_val_max) , new_val_min ) ;
220
221
222 % old way o f mutating a number , may not need i f upper one i s working

f i n e
223 % % se t the s t a r t i n g new_val va lue to something out s id e the bounds .

Allows loop to begin
224 % new_val = new_val_max * 2 ;
225 %
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226 %
227 % % loop un t i l the new value f i t s with in the bounds
228 % whi le new_val<=new_val_min | | new_val>=new_val_max
229 %
230 % % cr ea t e mutation percentage
231 % mutation = make_rand_num(0 , s ize_mutation /100 , 'd ' ) ;
232 %
233 % % get s i z e o f that mutation percent based on range o f that

va lue
234 % per_of_val = ( abs (new_val_min ) + abs (new_val_max) ) *mutation ;
235 %
236 % % randomly pick i f the change should i n c r e a s e or dec r ea se

o r i g i n a l va lue
237 % i f make_rand_num(0 , 1 , ' i ' ) == 1
238 % new_val = gen (gen_num+1, indiv , which_to_mutate ) +

per_of_val ;
239 % e l s e
240 % new_val = gen (gen_num+1, indiv , which_to_mutate ) -

per_of_val ;
241 % end
242 %
243 % end
244
245 % se t gene component to new value
246 gen (gen_num+1, indiv , which_to_mutate ) = new_val ;
247 end
248
249 gen_num = gen_num+1; % increment gene ra t i on by 1
250 end
251 end
252
253
254 % save g l oba l i n f o
255 output_data . num_no_sol_count = num_no_sol_count ;
256
257 i f num_no_sol < 3
258 % se t up in fo rmat ion that w i l l be returned
259 output_data . num_gen_best = prev_sol (1 ) ; % genera t i on in which maximum

was found
260 output_data . v_cost_val = prev_sol (3 ) ; % cos t func t i on r e s u l t o f the

bes t gene ra t i on
261
262 % setup in fo rmat ion o f bes t s o l u t i o n
263 output_data . r_k = gen ( prev_sol (1 ) , prev_sol (2 ) , 1) ;
264 output_data . r_preten = gen ( prev_sol (1 ) , prev_sol (2 ) , 2) ;
265 output_data . p_of f s e t = gen ( prev_sol (1 ) , prev_sol (2 ) , 3) ;
266 flags_Optim_return = flags_Optim ( prev_sol (1 ) , prev_sol (2 ) ) ;
267
268 e l s e
269 d i sp (”No s o l u t i o n s could be found a f t e r 3 attempts . Rethink co s t func t i on ”)
270 output_data . v_cost_error = V_cost ;
271 return
272 end
273
274 % i f the gene ra t i on l im i t was not h i t and s o l u t i o n s were found then the

opt imiza t i on did
275 % converge to something
276 i f gen_num < max_num_gen && num_no_sol < 3
277 flags_Optim_return . converged = true ;
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278 e l s e
279 flags_Optim_return . converged = f a l s e ; % f l a g convergence as un su c c e s s f u l
280 end
281 end

F.4 Cost Function
1 func t i on [ V_cost , flags_Optim ] = cost_funct ion ( gen_manip_values , child_oppos , tmags ,

t d i r e c s , fparas , f l a g s , size_of_pop )
2 % given the inputs to the co s t func i ton , the r e s u l t i n g value i s returned . ONLY looks

at 1 gene ra t i on
3 % Cost func t i on aims to be as LOW as po s s i b l e
4 child_oppos_min = child_oppos * 1 . 1 ;
5 child_oppos_max = child_oppos * 1 . 2 ;
6
7 % cr ea t e array so that i t doesn ' t need to keep changing s i z e
8 V_cost = squeeze ( nan (1 , size_of_pop ) ) ;
9
10 % f i nd co s t func t i on f o r each i nd i v i dua l
11 f o r ind iv =1: size_of_pop
12 % used to i n f l u e n c e the whole co s t func t i on based on r e s u l t s o f f l a g s
13 g l oba l_mu l t i p l i e r = 1 ; % 1 means func t i on does not need to be

i n f l u en c ed
14
15
16 % i f the rope s t r e t c h i n g i s ou t s id e g iven rope spec , then t h i s i s a problem
17 i f a l l ( [ f l a g s ( indiv , : ) . f l g_r_unstrch len f l a g s ( indiv , : ) . f lg_r_strchprop_0

...
18 f l a g s ( indiv , : ) . f lg_r_strchprop_lr_end f l a g s ( indiv , : ) .

f lg_r_strchprop_rf_end ...
19 f l a g s ( indiv , : ) . f lg_r_strchprop_fl_end ] == 1)
20
21 flags_Optim ( ind iv ) . f lg_check = -1 ; % f l a g s are f i n e
22
23 e l s e
24 % something i s not r i g h t with one or more o f the ropes , p ena l i s e heav i l y

and s t i l l a l low
25 g l oba l_mu l t i p l i e r = In f ;
26 flags_Optim ( ind iv ) . f lg_check = 1 ; % f l a g s are NOT f i n e
27 end
28
29
30
31 % l o g i c a l l y check magnitude o f f i r s t arrow boundary
32 tmag_min = min ( tmags ( indiv , : ) ) ;
33 i f tmag_min < child_oppos_min % ch i l d support too weak , not a l lowed
34 g l oba l_mu l t i p l i e r = In f ;
35 flags_Optim ( ind iv ) . tmag = 1 ; % saves i n f o about l o g i c outcomes o f

i nd i v i dua l ( bad )
36
37 e l s e i f tmag_min > child_oppos_max % too st rong f o r ch i l d
38 g l oba l_mu l t i p l i e r = g l oba l_mu l t i p l i e r *100 ;
39 flags_Optim ( ind iv ) . tmag = 0 ; % saves i n f o about l o g i c outcomes o f

i nd i v i dua l ( not i d e a l )
40
41 e l s e
42 % g ive i n c en t i v e f o r being in i d e a l range
43 g l oba l_mu l t i p l i e r = g l oba l_mu l t i p l i e r /10 ;
44 flags_Optim ( ind iv ) . tmag = -1 ; % saves i n f o about l o g i c outcomes o f

i nd i v i dua l ( very good )
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45
46
47 end
48
49
50
51 % l o g i c a l l y check d i r e c t i o n o f worst arrow
52 max_tdirec = max( t d i r e c s ( indiv , : ) ) ;
53 i f max_tdirec < 5
54 % arrows are aimed super we l l towards cente r . g ive i n c en t i v e
55 g l oba l_mu l t i p l i e r = g l oba l_mu l t i p l i e r /10 ;
56 flags_Optim ( ind iv ) . t d i r e c = -1 ; % saves i n f o about l o g i c outcomes

o f i nd i v i dua l ( very good )
57
58 e l s e i f max_tdirec > 20
59 % arrows don ' t po int towards the cente r as intended . Not a l lowed ( t h i s

would a l s o in c lude no support )
60 g l oba l_mu l t i p l i e r = In f ;
61 flags_Optim ( ind iv ) . t d i r e c = 1 ; % saves i n f o about l o g i c outcomes o f

i nd i v i dua l ( bad )
62
63 e l s e
64 % d i r e c t i o n i s not grea t
65 g l oba l_mu l t i p l i e r = g l oba l_mu l t i p l i e r *100 ;
66
67 flags_Optim ( ind iv ) . t d i r e c = 0 ; % saves i n f o about l o g i c outcomes o f

i nd i v i dua l ( f i n e )
68
69 end
70
71
72
73 max_fpara = max( abs ( fpa ra s ( indiv , : ) ) ) ; % get maximum pa r a s i t i c f o r c e

magnitude to compare
74
75 % f i n a l co s t func i t on . lower i s b e t t e r
76 V_cost ( ind iv ) = g l oba l_mu l t i p l i e r *( gen_manip_values ( indiv , 1) +

gen_manip_values ( indiv , 2) + max_fpara^2) ;
77 end
78 end

F.5 Patient Class

1 % Class used to s t o r e s unchanging d e t a i l s about the pa t i en t
2 c l a s s d e f Pat ient
3 p r op e r t i e s
4 age {mustBeNumeric} % ( years )
5 he i {mustBeNumeric} % (m) t o t a l he ight o f c h i l d
6 wei {mustBeNumeric} % ( kg ) t o t a l weight o f c h i l d
7 w_cir {mustBeNumeric} % (m) waist c i r cumfe r ence ( equ iva l en t to harness

l ength )
8 t_rad {mustBeNumeric} % (m) trunk rad iu s (&&& assuming trunk i s

c y l i nd e r )
9
10 tip_head {mustBeNumeric} % (m) length from buttox to t i p o f head when

seated upr ight
11 arm_len {mustBeNumeric} % (m) length o f arms f u l l y extended
12 t_len {mustBeNumeric} % (m) length from buttox to t i p o f shou lde r s

when seated upr ight
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13 CoM {mustBeNumeric} % (m) l o c a t i o n o f c en t e r o f mass , a long torso ,
o f c h i l d when seated

14 cha i r {mustBeNumeric} % (m) he ight o f cha i r from ground to top o f s ea t
15 t_wei_prop {mustBeNumeric} % ( Unit ) propor t ion o f body weight that i s part

o f t o r s o
16
17 t_opp_str {mustBeNumeric} % (Nm) how much torque the ch i l d i s ab l e to

prov ide
18 end
19
20 methods
21 % cons t ruc to r
22 func t i on obj = Pat ient ( age , he ight , weight , waist_circum , oppos i t i on )
23 obj . age = age ;
24 obj . he i = he ight ;
25 obj . wei = weight ;
26
27 obj . w_cir = waist_circum ;
28 obj . t_rad = waist_circum/2/ pi ( ) ;
29
30 % https : //www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /0021929086900126
31 obj . t_wei_prop = 0 . 6 5 ; % &&& guess o f how much weight i s in the to r s o

(~65%)
32
33
34 % - - - - - pa t i en t dimention s e t t i n g - - - - -
35 % based on tak ing the 95 th or 5 th p e r c e n t i l e o f the data and genera t ing

percentages based on he ight
36 % https : // dined . i o . t u d e l f t . n l /en/database / t o o l
37
38 % data f o r 8 year o ld males in 95 th p e r c e n t i l e
39 hei_stand_8m = 1 . 4 2 2 ; % (m) standing he ight
40 hei_sit_head_8m = 0 . 7 5 3 ; % (m) buttox to top o f head
41 hei_sit_should_8m = 0 . 4 6 8 ; % (m) database does not have buttox

to armpit
42 hei_seat_8m = 0 . 4 0 1 ; % (m) bottom of f e e t to buttox l e v e l

(90 deg knees )
43 arm_len_8m = 1 . 0 3 9 ; % (m) length o f arms [ l ab l ed reach

depth on dined ]
44
45
46 % data f o r 3 year o ld f emale s in 5 th p e r c e n t i l e
47 hei_stand_3f = 0 . 9 3 ; % (m) standing he ight
48 hei_sit_head_3f = 0 . 5 2 8 ; % (m) buttox to top o f head
49 hei_sit_should_3f = 0 . 3 1 5 ; % (m) database does not have buttox

to armpit
50 hei_seat_3f = 0 . 2 1 9 ; % (m) bottom of f e e t to buttox l e v e l

(90 deg knees )
51 arm_len_3f = 0 . 6 6 ; % (m) length o f arms [ l ab l ed reach

depth on dined ]
52
53
54 % l i n e a r ex t r apo l a t i on f o r other measures
55 obj . arm_len = l inea rExt rap (3 , 8 , arm_len_3f , arm_len_8m , age ) ;
56
57 % min an maximum age va lue s
58 % base propor t i ons on the age g iven
59 prop_hei_stand = l inea rExt rap (3 , 8 , hei_stand_3f , hei_stand_8m , age ) ;

% (m) standing he ight
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60 prop_hei_sit_head = l inea rExt rap (3 , 8 , hei_sit_head_3f , hei_sit_head_8m ,
age ) ; % (m) buttox to top o f head

61 prop_hei_sit_should = l inea rExt rap (3 , 8 , hei_sit_should_3f ,
hei_sit_should_8m , age ) ;% (m) database does not have buttox to
armpit

62 prop_hei_seat = l inea rExt rap (3 , 8 , hei_seat_3f , hei_seat_8m , age ) ;
% (m) bottom of f e e t to buttox l e v e l (90 deg knees )

63
64 % get percentage o f o v e r a l l he ight each measure takes up
65 perc_head = prop_hei_sit_head/prop_hei_stand ;
66 perc_torso = prop_hei_sit_should /prop_hei_stand ;
67 perc_chair = prop_hei_seat /prop_hei_stand ;
68
69 % get l ength compared to he ight o f c h i l d
70 obj . tip_head = he ight * perc_head ;
71 obj . t_len = he ight * perc_torso ;
72 obj . cha i r = he ight * perc_chair ;
73
74
75 % l o c a t i o n o f COM of -ADULTS- ( couldn ' t f i nd ch i l d r en ) with r e sp e c t to

trunk length from bottom
76 % https : // j e s t e c . t a y l o r s . edu .my/Vol%2011%20 i s s u e%202%20February%202016/

Volume%20(11)%20I s su e %20(2)%20166 -%20176. pdf
77 % source has between 49 . 5 - 56 . 2 ( pg . 4) = 0.5285
78 % from the course = 0.626
79 obj .CoM = obj . t_len * 0 . 6 2 6 ;
80
81 % us ing the maximum fo r males as the base so we can see maximum f o r c e s
82 % va lues o f trunk f o r c e found in :
83 % https : //www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /S002561961163276X#

f i g 2
84 opp_force_m6_max = 220 . 5 ; % (N)
85 opp_force_m8_max = 273 . 9 ;
86
87 % Re la t i on sh ip between trunk muscle strength , reach ing a b i l i t y and

balance in ch i l d r en with Down syndrome – A cros s - s e c t i o n a l study
88 opp_force_max_107_ds = 4 . 2 1 * 9 . 8 1 ; % (N a f t e r c a l c u l a t i o n )
89 opp_force_max_107_td = 5 . 9 3 * 9 . 8 1 ;
90
91
92 i f oppos i t i on < 0
93 opp_force = l inea rExt rap (6 , 8 , opp_force_m6_max , opp_force_m8_max ,

age ) ;
94 obj . t_opp_str = opp_force * obj . t_len ;
95
96 % https : //www. tand f on l i n e . com/doi /pdf /10.1080/13638490310001654754
97 t_opp_str_m_max_12_nbp = 148 . 5 ; % (Nm)
98 t_opp_str_m_max_12_bp = 156 . 9 ;
99

100 % https : //www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /
S0161475415000755

101 opp_force_10_np = 112 . 8 ; % (Nm)
102 opp_force_11_np = 147 . 7 ;
103 opp_force_10_ip = 106 . 3 ;
104 opp_force_11_ip = 133 . 4 ;
105
106
107 e l s e i f oppos i t i on == 0
108 % est imate s t r ength based on weight &&& w i l l need to change 40 i f

lxx



boundar ies change
109 obj . t_opp_str = es tOppos i t i onSt rength ( weight , obj . t_wei_prop , obj .

CoM, 40) ;
110
111 e l s e
112 obj . t_opp_str = oppos i t i on ;
113 end
114 end
115 end
116 end

F.6 Mechanical Requirements

1 % use t h i s code to f i nd some mechanical l oads the dev i c e would need to be ab le to
withstand .

2 % ===== assumes an output_data .mat f i l e has been added or the r equ i r ed data i s
a l r eaedy in memory

3 c l c
4 format longg
5 setBoundary
6
7 %% ca l c u l a t e everyth ing
8 % cr ea t e v a r i a b l e s
9 max_lr_rope_ten = ze ro s (2 , 2) ;
10 max_rf_rope_ten = ze ro s (2 , 2) ;
11 max_fl_rope_ten = ze ro s (2 , 2) ;
12 max_rope_ten = ze ro s (2 , 2) ;
13 max_pulley_load = ze ro s (2 , 2) ;
14 rope_k = ze ro s (2 , 2) ;
15 v = ze ro s (2 , 2) ;
16
17 % cr ea t e extreme ends f o r ch i l d r en
18 Child_max = Pat ient (Boundary . pat_age_max , Boundary . pat_hei_max , Boundary . pat_wei_max

, Boundary . pat_waist_max , -1) ;
19 Child_min = Pat ient (Boundary . pat_age_min , Boundary . pat_hei_min , Boundary . pat_wei_min

, Boundary . pat_waist_min , -1) ;
20
21 % maximum he ight the column needs to be f o r 8 year o ld + a s a f e t y f a c t o r o f 10cm
22 col_l_max = Child_max . cha i r + Child_max . t_len*Boundary . harn_h_max/100 + Boundary .

p_offset_max ;
23 col_l_max_safe = col_l_max + 0 . 1 ;
24
25 [ num_rope_configs , num_children ] = s i z e ( output_data ) ; % get dimentions o f the

array
26
27 % s t r u c t u r a l in fo rmat ion about the columns
28 % https : // uk . rs - on l i n e . com/web/p/ tubing - and - p r o f i l e - s t r u t s /4667219
29 I = 0 .7/10^4 ; % (m^4) moment o f i n t e r t i a
30 E_alum = 68 .9*10^9 ; % (Pa) https : //www. eng ine e r i ng too lbox . com/ prope r t i e s -

aluminum - pipe - d_1340 . html
31 sa f e t y_ fa c t o r = 2 ;
32
33
34 % loop though each combination to f i nd important va lue s
35 f o r rope_conf ig = 1 : num_rope_configs % 1=inte rconnected , 2=separa te
36 f o r ch i l d_te s t = 1 : num_children % 1=3YO, 2=8YO
37 % Find f o r c e s on pu l l e y s
38 max_lr_rope_ten ( rope_conf ig , ch i l d_te s t ) = max ( [ output_data ( rope_conf ig ,

ch i l d_te s t ) . s im_resu l t s . f_mag_rope_lr ] ) ;
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39 max_rf_rope_ten ( rope_conf ig , ch i l d_te s t ) = max ( [ output_data ( rope_conf ig ,
ch i l d_te s t ) . s im_resu l t s . f_mag_rope_rf ] ) ;

40 max_fl_rope_ten ( rope_conf ig , ch i l d_te s t ) = max ( [ output_data ( rope_conf ig ,
ch i l d_te s t ) . s im_resu l t s . f_mag_rope_fl ] ) ;

41
42 max_rope_ten ( rope_conf ig , ch i l d_te s t ) = max ( [ max_lr_rope_ten ( rope_conf ig ,

ch i l d_te s t ) max_rf_rope_ten ( rope_conf ig , ch i l d_te s t ) max_fl_rope_ten (
rope_conf ig , ch i l d_te s t ) ] ) ;

43
44 i f rope_conf ig == 1
45 max_pulley_load ( rope_conf ig , ch i l d_te s t ) = max_rope_ten ( rope_conf ig ,

ch i l d_te s t ) *2 ;
46
47 e l s e
48 max_pulley_load ( rope_conf ig , ch i l d_te s t ) = max_rope_ten ( rope_conf ig ,

ch i l d_te s t ) ;
49
50 end
51
52
53 % Find minimum s t i f f n e s s o f rope needed
54 rope_k ( rope_conf ig , ch i l d_te s t ) = output_data ( rope_conf ig , ch i l d_te s t ) .

gen_optim ( top_n_indiv ( rope_conf ig , ch i l d_te s t ) ) . r_k ;
55
56
57 % f i nd d i f l e c t i o n o f column ( j u s t c on s i d e r i ng top pu l l ey as bottom won ' t

a f f e c t much)
58 % https : //www. s t r u c t u r a l b a s i c s . com/beam - d e f l e c t i o n - formulas/#can t i l e v e r - beam

- intermediate - point - load -
59 % https : // mechanicalc . com/ r e f e r e n c e /beam - d e f l e c t i o n - t ab l e s
60 i f output_data ( rope_conf ig , ch i l d_te s t ) . r_conf ig % con f i g with

in t e r connec t ed ropes
61 % have to *2 s i n c e the re could be 2 ropes ac t ing at the top o f the

column . Assuming
62 % worst case that they are both max ( though t h i s i s u n r e a l i s t i c )
63
64 v ( rope_conf ig , ch i l d_te s t ) = sa f e ty_ fa c t o r * ( (max_rope_ten ( rope_conf ig ,

ch i l d_te s t ) *2*col_l_max^3) /(6*E_alum* I ) ) *(3* col_l_max_safe -
col_l_max ) *1000 ;

65
66 e l s e % con f i g with separa te ropes
67 v ( rope_conf ig , ch i l d_te s t ) = sa f e ty_ fa c t o r * ( (max_rope_ten ( rope_conf ig ,

ch i l d_te s t ) *col_l_max^3) /(6*E_alum* I ) ) *(3* col_l_max_safe - col_l_max
) *1000 ;

68
69 end
70 end
71 end
72
73
74 %% pr in t everyth ing
75
76 % minimum column length
77 f p r i n t f (”Minimum column length = \ t \ t \ t \ t \ t%g m\n\n” , col_l_max_safe ) ;
78
79 % pu l l ey load ing
80 max_pulley_load_inter = max(max_pulley_load (1 , : ) , [ ] , ” a l l ”) ;
81 max_pulley_load_sep = max(max_pulley_load (2 , : ) , [ ] , ” a l l ”) ;
82 f p r i n t f (”Maximum pu l l ey load ( in t e r connec t ed ) = \ t \ t%g N\n” , max_pulley_load_inter ) ;
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83 f p r i n t f (”Maximum pu l l ey load ( s epara te ) = \ t \ t \ t%g N\n\n” , max_pulley_load_sep ) ;
84
85 % rope in fo rmat ion
86 max_rope_ten_inter = max(max_rope_ten (1 , : ) , [ ] , ” a l l ”) ;
87 min_rope_k_inter = min ( rope_k (1 , : ) , [ ] , ” a l l ”) ;
88 max_rope_k_inter = max( rope_k (1 , : ) , [ ] , ” a l l ”) ;
89 max_rope_ten_sep = max(max_rope_ten (2 , : ) , [ ] , ” a l l ”) ;
90 min_rope_k_sep = min ( rope_k (2 , : ) , [ ] , ” a l l ”) ;
91 max_rope_k_sep = max( rope_k (2 , : ) , [ ] , ” a l l ”) ;
92
93 f p r i n t f (”Maximum rope t en s i on ( in t e r connec t ed ) = \ t%g N\n” , max_rope_ten_inter ) ;
94 f p r i n t f (”Minimum rope s t i f f n e s s ( in t e r connec t ed ) = \ t%g N/m\n” , min_rope_k_inter ) ;
95 f p r i n t f (”Maximum rope s t i f f n e s s ( in t e r connec t ed ) = \ t%g N/m\n” , max_rope_k_inter ) ;
96 f p r i n t f (”Maximum rope t en s i on ( s epara te ) = \ t \ t \ t%g N\n” , max_rope_ten_sep ) ;
97 f p r i n t f (”Minimum rope s t i f f n e s s ( s epara te ) = \ t \ t%g N/m\n” , min_rope_k_sep ) ;
98 f p r i n t f (”Maximum rope s t i f f n e s s ( s epara te ) = \ t \ t%g N/m\n\n” , max_rope_k_sep ) ;
99

100 d i sp (” Inte rconnected ropes ”) % rope_conf ig = 1 = true
101 f p r i n t f (” Unstretched rope l ength f o r sma l l e s t 3 year o ld ch i l d = %g m\n” , . . .
102 output_data (1 , 1) . s im_resu l t s (1 , 1) . unstretched_rope_length ) ;
103 f p r i n t f (”Max s t a r t i n g rope s t r e t c h percentage f o r sma l l e s t 3 year o ld ch i l d = %g %%

\n” , . . .
104 max ( [ output_data (1 , 1) . s im_resu l t s . r_strch_perc_0 ] ) ) ;
105 f p r i n t f (”Max o v e r a l l rope s t r e t c h percentage f o r sma l l e s t 3 year o ld ch i l d = %g %% \

n” , . . .
106 max ( [ output_data (1 , 1) . s im_resu l t s . r_strch_perc_max ] ) ) ;
107 f p r i n t f (” Unstretched rope l ength f o r l a r g e s t 8 year o ld ch i l d = \ t%g m\n” , . . .
108 output_data (1 , 2) . s im_resu l t s (1 , 1) . unstretched_rope_length ) ;
109 f p r i n t f (”Max s t a r t i n g rope s t r e t c h percentage f o r sma l l e s t 8 year o ld ch i l d = %g %%

\n” , . . .
110 max ( [ output_data (1 , 2) . s im_resu l t s . r_strch_perc_0 ] ) ) ;
111 f p r i n t f (”Max o v e r a l l rope s t r e t c h percentage f o r sma l l e s t 8 year o ld ch i l d = %g %% \

n\n” , . . .
112 max ( [ output_data (1 , 2) . s im_resu l t s . r_strch_perc_max ] ) ) ;
113
114 d i sp (” Separate ropes ”) % rope_conf ig = 2 = f a l s e
115 f p r i n t f (” Unstretched rope l ength f o r sma l l e s t 3 year o ld ch i l d = %g m\n” , . . .
116 output_data (2 , 1) . s im_resu l t s (1 , 1) . unstretched_rope_length ) ;
117 f p r i n t f (” S ta r t i ng rope s t r e t c h percentage f o r sma l l e s t 3 year o ld ch i l d = %g %% \n” ,

. . .
118 max ( [ output_data (2 , 1) . s im_resu l t s . r_strch_perc_0 ] ) ) ;
119 f p r i n t f (”Max o v e r a l l rope s t r e t c h percentage f o r sma l l e s t 3 year o ld ch i l d = %g %% \

n” , . . .
120 max ( [ output_data (2 , 1) . s im_resu l t s . r_strch_perc_max ] ) ) ;
121 f p r i n t f (” Unstretched rope l ength f o r l a r g e s t 8 year o ld ch i l d = \ t%g m\n” , . . .
122 output_data (2 , 2) . s im_resu l t s (1 , 1) . unstretched_rope_length ) ;
123 f p r i n t f (”Max s t a r t i n g rope s t r e t c h percentage f o r sma l l e s t 8 year o ld ch i l d = %g %%

\n” , . . .
124 max ( [ output_data (2 , 2) . s im_resu l t s . r_strch_perc_0 ] ) ) ;
125 f p r i n t f (”Max o v e r a l l rope s t r e t c h percentage f o r sma l l e s t 8 year o ld ch i l d = %g %% \

n\n” , . . .
126 max ( [ output_data (2 , 2) . s im_resu l t s . r_strch_perc_max ] ) ) ;
127
128 % max column disp lacement (mm)
129 v_max_inter = max(v (1 , : ) , [ ] , ” a l l ”) ;
130 v_max_sep = max(v (2 , : ) , [ ] , ” a l l ”) ;
131 f p r i n t f (”Maximum column disp lacement ( in t e r connec t ed ) = \ t%g mm\n” , v_max_inter ) ;
132 f p r i n t f (”Maximum column disp lacement ( s epara te ) = \ t \ t%g mm\n” , v_max_sep) ;
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