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Abstract

The purpose of this thesis is to develop a formal methodology for determining the
loads occurring in the members of an adaptive truss due to both gravity and accel-
eration. This force analysis can be used as the basis for a design code which will
provide truss member dimensions and actuator characteristics. Three different truss
structures are considered. The first is a planar, triangular truss consisting of one
actuated member and two fixed length members. The-second structure is a spatial,
double-octahedral truss with three active members and eighteen fixed length mem-
bers. The third structure is a truss consisting of several double-octahedral bays
connected together as a chain. For each structure, the active link motion is first
simulated and the position, velocity, and acceleration history of each of the member
connecting points is calculated. The dynamic equations of motion for each member
are developed and combined to form a system of equations describing the motion of
the entire truss. These equations are then solved to find the forces occurring at each
node. Once the forces are determined, the internal forces in each member can be
found, and the resulting stresses are calculated. The members are also checked for
buckling using Euler buckling theory. The stress calculations are checked against
experimental values and show good agreement for both static only and static and

dynamic loading,.
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Chapter 1

Introduction

1.1 Introduction

In recent years, much attention has been given to developing high-strength, low-
weight supports and manipulators for use in current and future space applications.
One device that appears to have much promise in these areas is the Adaptive Truss,
or Variable-Geometry Truss (VGT). VGTs are trusses that contain some members
that are capable of changing their length. The change in length of the active mem-
bers results in a change in the geometry of the truss. The change in geometry causes
motion of the top plane or of a manipulator attached to the top plane. The char-
acteristics of this motion depend on the type of truss and the location of the active

members, with each active member resulting in one degree of freedom for the truss.

VGTs are comprised of basic building blocks, called unit cells, and may be either
planar (2-D) or spatial (3-D). The basic planar unit cell is the triangle. Reinholtz
(15) defines several spatial unit cells, including the tetrahedron, the octahedron,
and the decahedron. A bay is the simplest repeating structure in a truss, and may
be made up of a single unit cell or a combination of unit cells. This thesis will

examine two types of VGTs. The first is a planar truss comprised of one triangular
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unit cell with one active link. The triangular truss analysis is performed to develop
the force analysis method using a simple structure. The second truss is a spatial
truss comprised of two octahedron cells (called a double-octahedral) with the three
members of the midplane activated. A prototype double-octahedral truss available
at VPI & SU is used to verify the accuracy of the model. We will also extend the
analysis of the single bay, double-octahedral truss to a chain of double-octahedral

bays.

The varying geometry capability of VGT's allows them to be used for several different
types of tasks. Four general tasks have been defined for spatial VGTs. These are,

in order of complexity:

1. Gimbal (Pointing) - Rotation of the top plane about both the x and y axes (2
DOF)

2. Positioning - Placing the top plane at some x, y, and z location in space (3

DOF)

3. Reflecting - Placing the top plane at a point in space and aiming it at another

point (4 DOF)

4. Docking - Orienting the top plane in both x, y, and z space and rotating it
about the three axes (6 DOF)

Within these general tasks are many different applications. The VGT can be used
as a high-strength joint on a space crane, as an active vibration isolator, or as a
multi-DOF walking device. In this study, only the gimbal task is analyzed. How-

ever, the analysis detailed in this thesis can be used for any of the above tasks as
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long as the kinematics of the motion are known.

For space applications, the high cost of getting materials into orbit makes it im-
perative that the VGT be as light as possible. Therefore, we need to design the
members only to withstand the expected forces occurring during its performance.
We simply cannot use large factors of safety. The large range of motion that the
VGT can undergo gives rise to large nonlinearities in the kinematics of the struc-
ture. These nonlinearities make a detailed dynamic force analysis of the structure
difficult. The static case can be solved using finite element models, however, there
are no readily available large angle dynamic analysis packages. The result is that a
dynamic force analysis of these trusses has not been done in the past. The design
of the prototype units that are being used for ground based research is done using

rough approximations and “educated guesses” by the engineers.

The original intent of this work was to model the truss members as flexible beams.
A developmental program called LATDYN (Large Anglé Transient DY Namics) was
to be used to create a finite-element based model with flexible members. However,
the program did not work up to expectations, and LATDYN development was can-
celled by NASA. A flexible body dynamic analysis was then attempted, but was not
successful, due in part to the lack of flexible kinematic solutions. The scope of the
work was then modified to include only rigid body analysis of the truss members.
The kinematic analysis assumes that the members do not deform during the motion.
Since the members are assumed to be rigid, no stiffness effects are included in the
analysis. The inertial loading due to the mass of the members is included in the

analysis. The mass is assumed to be evenly distributed throughout each member.



The objective of this thesis is to present a technique for performing a formal, detailed
force analysis for all of the merﬁbers of a VGT while undergoing a predetermined
motion. Once the loading history of each member is known, the member dimen-
sions can be specified so that it does not fail. As stated above, this analysis is very
nonlinear and cannot be done in closed form. Therefore, an approximate technique

has been developed to solve the problem.

The approximate solution is generated by discretizing the motion of the truss. At
each timestep, the instantaneous position, velocity, and acceleration of the node
points, as well as the angular velocities and accelerations of the members, is calcu-
lated. Using these approximate values, we can write the equations of motion (EOM)
for each member. The member EOMs are combined to form a system of equations
describing the entire truss. Known constraints are applied to the structure, and
then the joint forces on each member are calculated. Gravitational forces are also
applied to the model, so the static forces are included in the calculated joint forces.
Once the joint forces are found, the loading on each member can be determined.
This process is repeated at every timestep within the motion. The forces applied

by the actuators onto the truss are calculated during this analysis.

1.2 Literature Review

Much has been written on the applicability of adaptive trusses for a wide variety of
tasks. Rhodes (17) proposed using adaptive trusses for several tasks related to space

applications. These include a serpentine robot arm that can place an end effector in



hard-to-reach places, as high-strength joints in a space crane, as vibration absorbers
to isolate devices (such as antennae) with high position accuracy requirements from
disturbances on the supporting structure, and as berthing devices which can dock
with approaching space craft. Lovejoy (9) used a planar truss to control the vi-
brations in an attached flexible beam that was perpendicular to the gravitational
field. Clark (5) uses a floating, free-free planar truss to suppress the vibrations in
two flexible beams connected at each end of the truss. This work was extended by
Robertshaw (18), Kung (7), and Wynn (26) to the three dimensional case where the
flexible beam is hanging downward in the gravity field. Warrington (23) controls the
vibrations of an attached beam that is positioned upward in the gravity field. He
also controls beam vibration in a beam that is positioned upward and at an angle
to the gravity field (24). This induces nonlinear gravitational effects in the motion
of the flexible beam. Reinholtz (16) presents spatial VGTs as high dexterity robots.
Stulce (20) examines the use of spatial VGT's as a,ctuat'ors in a walking device. In all
of these studies, the VGT is treated as an external actuator and the forces within it
are not studied. This thesis seeks to calculate the maghitude of the internal forces

generated within the VGT while undergoing a specific task.

Recent developments in the field of spatial truss kinematics were necessary before
the force analysis could be performed. Padmanabhan (13) developed a closed form
solution for finding the active link lengths for a given orientation of both a double-
octahedral and a quadruple-octahedral adaptive truss under a large angle gimbal
rotation. The work was extended by Warrington (24,25) to find the orientation of
the double-octahedral truss given a set of active link lengths. This method has no

closed-form solution, but must be performed iteratively. In reality, when a VGT



performs a large-angle motion, the displacements of the active links are the con-
trolled variables; the motion of the top plane is caused by the link displacements.
Therefore, the kinematics relating the position, velocity, and acceleration of the ac-
tive links to those of the top plane nodes must be found in order to develop a control
algorithm for the truss motion. This kinematic relationship is also needed so that
the accelerations of the truss members can be found and used for the dynamic force

analysis.

Utku (21) develops a discretized method of analyzing the control forces required to
perform a slewing maneuver of a planar VGT used as a crane. The crane has ten
total members, two of which are variable length. The crane undergoes large angle
motion and a method of developing the nodal forces based on the relative orientation
of the members is found. The slewing maneuver is performed at a slow speed, so
dynamic loads are not generated within the members. i{e develops the kinematics of
the motion assuming that all of the members are rigid. He uses the stiffness matrix
of the structure to find the deformation of the members at each time step (due to
axial loading only) and then modifies his control forces based on the deformation.
In contrast to the work in this thesis, Utku’s analysis does not include the forces
due to the inertial loading or mass of the members, only those from the static loads

at each point in time.

Orin (12) performs a dynamic force analysis on a multi-legged walking device. He
uses Newton’s laws of motion to develop the equations of motion of each member.
By writing 3-D coordinate transformation matrices for each member, he combines

the equations of motion for each member into a total system of equations. The



position, velocity, and acceleration histories of each member are then calculated and
the system is solved to find the unknown dynamic forces. There are several major
differences between Orin’s work and that undertaken in this thesis. Orin’s device
is not a truss structure, but an open chain linkage of members. Therefore, there
are only two members connected at each joint. In addition, the joints can transmit
torques to the members. However, the general method of analysis is similar to that

used in this work.

Gupta (6) presented a method for formulating and solving the Newton-Euler equa-
tions of motion for a closed-loop series of rigid bodies. The kinematics and dynamic
equations are solved used numerical integration techniques. The equations of motion
of the members are developed using Newton’s laws of motion. While the mecha-
nisms he studied did not involve changing length members, the method of analysis

is very similar to that presented in this paper.

Chalhoub (4) presents an analysis of a leadscrew-driven flexible robot arm. He in-
cludes the leadscrew dynamics in the development of the equations of motion of
the robot arm. Friction forces within the leadscrew are included in the relationship
between the motor torque and the linear applied force. The friction analysis is based
on Shigley (19) and is the same as that presented in this thesis. One particular piece
of information that would have been useful, the coefficient of friction that Chalhoub
used for his analysis, was not provided in the paper. Brennan (2) has also developed
a force model of a triangular truss based on a power-screw type lead screw. The
force model is used to perform a “contention control” study of two planar, triangular

trusses. The followers of each truss are connected together by a thin link.



The literature search did not provide any examples of analysis of the internal dy-
namic forces generated in VGTs during motion. All development of the equations
of motion for the VGTs are done using LaGrange equations or Kanes equations,
both of which operate by eliminating the interconnecting forces between members.
Therefore, this analysis should provide some unique information on the interaction
between the motion of the truss and the internal forces generated within its mem-

bers.

1.3 Outline of Thesis

This thesis is preserited in three major sections. In the first section, a simple, trian-
gular truss, with one active member, is analyzed. This analysis was done to verify
that the solution technique discussed above will work. The relationship between the
active link length and the location of the nodes, while nonlinear, is relatively simple
compared to the three dimensional case. The triangular truss model is developed in
Chapter 2. Once the model is developed, a simulation program is used to implement

the model. The simulation program and results are presented in Chapter 3.

In Chapter 4, the model for the spatial adaptive truss is developed. Here, a single
double-octahedral bay is discussed. The kinematics of the double-octahedral bay are
explained and the force analysis is developed. The simulation routine for the spatial

case is presented in Chapter 5. Verification of the analytical results is presented for

both the static and dynamic cases.

In Chapter 6, a discussion of extending the analysis to include multiple double-



octahedral bays is presented. A means of obtaining the velocity and acceleration
information for each bay, based on a chain of coordinate transformations back to
the fixed reference frame, is developed. Finally, in Chapter 7, the conclusions of the

work and recommendations for future research are discussed.



Chapter 2

Development of Triangular Truss
Model

2.1 Description of System

The planar, triangular truss is the simplest VGT configuration. The configuration
used for this study is shown in Fig. 2.1. The truss consists of a fixed-length fol-
lower, a fixed ground link, one active member, and a lumped mass attached to the
node. The active member is modelled as two links; the base link contains the motor,
gearhead, and leadscrew and is referred to as the active base. The second link of
the active member is called the leadscrew tube. It is a hollow tube which meets
the active base at the leadscrew. The leadscrew tube moves along the longitudinal
axis of the active member to create the motion of the truss. The follower and the
leadscrew tube are attached through a revolute joint at the node, labeled point B.

The lumped mass is also attached to the truss through a revolute joint at point B.
The task assigned to this truss is to move the follower through some arbitrary

angle, from ¢o to ¢;. Knowing the starting and ending angles, the starting and

ending length of the active member can be determined using the law of cosines, as:
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Figure 2.1: Triangular Truss Model
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L% -+ Lz - (L3min + Zo + L3)2) (2 1)
2L414 )

$o = arccos(

L% + Li - (L3mi'n. + Tend + L3)2)
2L4L4

Pena = arccos( (2.2)

As shown in Fig. 2.1, the active member has a minimum length of Li.;,, and a
maximum extended length of Lj.,,,. The length of the active member at any point

during the motion is (Lamin + ), where z is length that the active member has

extended.

In order to find the EOMs for the members of the truss, we must know the accelera-
tions of all of the centers of gravity as well as the angular velocities and accelerations,
q.S, 9, %, and 6. However, all of these velocities and accelerations depend on the linear
velocity and acceleration of the active member. Since the relationship between these
values is nonlinear, we use a simulation where we discretize the motion of the active
link and then solve for the position, velocity, and acceleration of the members at
each time step. The first step in this analysis is to determine the position, velocity,

and acceleration history of the active member.

2.2 Active Member Simulation

The active member is assumed to apply a pure displacement input to the truss.
This means that the position, velocity, and acceleration of the active member does
not depend of the force exerted on it by the truss. The active link motion can be

modelled as a either a second or third-order system. There are several advantages
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to using a higher order model, including lower accelerations at the beginning of the
motion and the fact that the velocity and acceleration are states of the model. We
first develop a model of the displacement using feedback control theory for a third-

order system.

A state feedback model of the active member motion was developed, where the dis-
placement, velécity, and acceleration of the member were used as feedback signals.
The feedback gains were calculated to place the poles of the system to meet the
specifications described below. We have to specify several values to use this model,
including the natural frequency (w,), the damping ratio ({), and the total time of
the motion (T").For a third-order model, we need to place the three poles of the
characteristic equation. We will specify a fast real root, and a slower, complex con-
jugate pair of roots. Since this analysis is done only for a simulation, we are not
constrained by physical parameters in our choice of the;se parameters. The rationale

for the choice of these values is as follows.

We want to have a highly damped system to avoid excessive overshoot, therefore, we
chose a damping ratio of 0.8. In addition, we wanted the response to a step input to
reach a steady state value within 90 percent of the total simulation time (ts = 0.97).
The lowest resonant frequency was calculated so that the response would be within
2 percent of the final value after the settling time (ts = 0.97 = ﬁ) The real root
was calculated to be twice the natural frequency. The total time of the simulation
can be selected when the simulation is run. The input to the system, U, is calculated

as the difference between the starting active member length and the final length.
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Once these values are determined, a MATLAB simulation is performed to find the
response of the active length to the input. This simulation develops the state ma-
trices for the model, converts them to a discrete form (based on the number of time
steps and total time of the simulation), and steps through the time span. The out-
put from the simulation is the displacement, velocity, and acceleration of the active

member.

2.3 Truss Acceleration Analysis

From the above simulation, we know the length, velocity, and acceleration of the
active member at each time step. These values are necessary to calculate each mem-
ber’s center-of-gravity acceleration and the angular acceleration. The acceleration
of the center-of-gravity of a member can be found by describing a vector from a
fixed reference point to the center of gravity and differentiating twice with respect
to time. The vector must be described in fixed reference frame coordinates. For the
follower, an acceptable fixed reference point is point Ol. The center-of-gravity of

the follower is labeled point A. The acceleration of point A is given as

e

OIA = —L1C03¢ fll + Llsinqb flg (23)
O7A = Lyipsing #y + Lyidcosd , (2.4)
O1A = [Li¢sing + Lid*cosd| iy

+ [Lydcosp — Lyd?sing] fiy (2.5)
For the leadscrew tube, the analysis becomes more complex, since the linear accel-
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eration of the actuator enters into the equation. A suitable reference point for the
vector to the leadscrew tube center-of-gravity (point C) is point O,. The accelera-

tion of point C is calculated as

-

0:C = [Lamin+z+ %]cosﬂ A1 + [Lamin + 2 + %]sinﬁ g (2.6)
0:C = [#cost — (Lamin + = + %)ésinﬂ] Py

+ [2sind + (Lamin + 2 + %)0%030] Ty (2.7)
05C = [Bcosd — 2865ind — (Lamin + © + %)ésino — (Lamin + 2 + %)ézcosﬂ]ﬁl
+ [#sind + 226cosh + (Lamin + = + %)écosﬂ

— (Lamin + = + -in)é?sino] fig (2.8)

The fixed length members of the truss are all assumed to be constant density and of
constant cross-section, therefore, the center-of-gravity of each is half of the length.
The accelerations for the centers of gravity of the active base and for the lumped

mass are found using the same analysis.

Next, we have to calculate the angular velocities and angular accelerations. Since
we know the length of the active member at each time step, we can find the value of
the angles, ¢ and 0, by applying the law of cosines at each step. We then calculate
the angular velocity as the difference in two consecutive angles divided by the time

step. To find ¢ at the n'® timestep, we use

¢n = d’n - ¢n—1

At
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We use the same approach to calculate the angular acceleration where

I ésn — ‘;n-—l

¢ﬂ - At
The values for z, &, and & are the linear position, velocity, and acceleration of the
active member, and are calculated during the simulation described in Section 2.2.
Once we know the linear and angular accelerations of all of the members and nodes

in the truss, we can develop the equations of motion.

2.4 Derivation of the Truss Equations of Motion

We develop the equations of moticn for each member of the truss separately and
then combine them to form a system of equations describing the motion of the entire
truss. Since the active member is modelled as two liﬁks, we will have two sets of
EOMSs, one for the active base and one for the leadscrew tube. The first step in
developing the EOMs for a member is to draw the free body diagram (FBD). The
FBDs for each element in the truss are shown in Fig. 2.2. There are four FBDs, one
each for the follower, the active base, the lead screw tube, and the lumped mass.

The forces applied to each element are shown in the FBDs.
To apply Newton’s Laws of Motion, we sum the forces in the #; and 7, directions

and sum the torques about a convenient point. We will carry out the analysis in

detail for the active base; the analysis for the other members is similar.
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Figure 2.2: Free Body Diagrams of Triangular Truss Members
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2.4.1 Active Base Equations of Motion

The active base FBD is shown in Fig. 2.2(c). There are two reaction forces from the
ground applied at point O,, two forces and a moment from the lead screw applied
at the point of contact, (Lamin + z), and the weight of the member acting at the
center-of-gravity. The EOMS are found to be

Z Fﬁq = M3aps, = —an + R:cz (29)
> Fi = maaps, = —F, + R, — mag (2.10)
S To, = 10,0 = Fyy(Lamin + z)8in8 — Fyy(Lamin + z)cosh

— m3g(CG3)cosd — M, (2.11)

Note that the moment arm for the forces applied on the active base by the lead
screw tube changes as the member extends. This is the only member for which the
moment arm changes. It is convenient to arrange the EOMs in matrix form. The

matrix representation for the active base is:

m3a’Dh1
M3ap,, + mag =
Ip,0 + m3g(CG3)cosb

" F,, 1
-1 0 -1 0 0 F,
0 -1 0 1 0 ||&, (2.12)
(Lamin + z)sind —(Lamin +x)cosd 0 0 —1 R,,
= Ml -
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There are three EOMs and five unknown forces, therefore, we get a 3x5 matrix.
These equations cannot be solved by themselves to find the forces; it is necessary to
combine this matrix with those for each of the other members. Then we will have a

full rank matrix of 11 equations and 11 unknowns which can be solved.

2.4.2 Follower, Lead Screw Tube, and Lump Mass EOMs

The above analysis is completed for each member of the truss. Newton’s laws of mo-
tion result in three equations for each member, except for the lumped mass which,
having no inertia, will have no torque equation. We assume unique forces at each
pinned connection and a set of forces at the cantilevered connection between the

active base and the leadscrew tube. The FBDs of each of these members are shown

in Fig. 2.2(a,b,d).

2.4.3 Combined System Matrix

Once each member’s individual system matrix is developed, we form the combined
system matrix for the entire truss. There are a total of 11 equations and 11 unknown

forces. The combined system equations are given as

{MX} = [SM] {F} (2.13)
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where:

M10 A7,
mM1a44, + Mg
Ioz¢ + mlg%lcosqb
Maac4,

. M2aci, + Mag
{MX} = L6 >
m3apa,
M3aps, + Mag
1016 + m3gCG3cosb
M4aB4a,
mM4aBa, + Mag

\ /

4 le 3
F,,
Fy,
Fy1
Fy,

{F} = Fy, ¢
R,
R,
Ry,
Ry,

\ Ml /

! 0 0 0 0 0 1000 0]
0 0 0 1 0 0 0010 0
Lis¢ 0 0 Licg 0 0 0000 O
0 1 1 0 0 0 0000 O
0 0 0 0 1 1 0000 O

[SM] =| 0 —Lasf Lasp 0 Lo —Lach 0000 1
0 0 -1 0 0 0 1100 0

0 0 0 0 0 -1 0001 0

0 0  (Lamin+2z)s6 0 0 —(Lsmin+z)ed 0 0 0 0 -1

-1 -1 0 0 0 0 0000 O
| 0 0 0 -1 -1 0 0000 0|

We should note here the effect of the lumped mass. If there were no lumped mass,
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we would have only 9 equations. We would then have to find two more equations to
allow us to solve for the forces. The equations that we would need are the constraint
equations at point B, the node connecting the leadscrew tube and the follower. The
node, by itself, is infinitesimally small and massless. Therefore, the sum of the forces
applied at the node must be zero. This allows us to write the additional constraint
equations for the node, i.e., 3° Forces;, = 0 and 3 Forces;, = 0. Solving these

equations results in the fact that, for no lumped mass, F;, = —F;, and F,, = —F,,.

2.5 Solution of the Equations of Motion

Once we have the system equations of motion, we can solve for the unknown forces.
The truss is statically determinate, that is, there are only as many constraints as
are required to fully analyze the structure. Therefore, we can find the forces by

multiplying the inverse of the system matrix by the inertial force vector.

(F} = [SM]"Y{MX} (2.14)

This calculation is performed at every time step during the simulation. The history

of the nodal forces through the entire motion is then known.

2.6 Internal Forces

Once the nodal forces are known, we need to find the internal forces generated in the
members. Since all of the members are assumed to be rigid bodies during the dy-
namic analysis, the internal forces must be in equilibrium. By calculating the values

of the internal forces, we can determine the stresses within the individual members.
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The stress information is then used to determine whether or not the member will

fail.

To perform the internal force analysis, we take a section of a member and draw
a FBD for it. The internal FBD for the follower is shown in Fig. 2.3. The forces
located at the node (point B) are known from the overall truss analysis. The center-
of-gravity of the member section is half of the length of the section. The mass of

the section is calculated as

Lcect
Ltotal

Mgect =

m (2.15)

The angular acceleration of the section is the same as for the total member. The
acceleration of the section center-of-gravity is found by defining a vector from a fixed
reference point to the section center-of-gravity and differentiating it twice with re-
spect to time. All of these values can be calculated from the simulation of the overall

truss.

There are three internal forces acting to keep the member rigid. These are a tensile
force (T;,;) along the longitudinal axis of the member, a shear force (V;y;) which is
perpendicular to the member, and a bending moment (M;,;) that keeps the member

from bending. These forces are shown in the FBD.

To find the internal forces, we apply Newton’s laws of motion to the section and
develop the three equations of motion. The process is shown below for the follower

sectioned at the midpoint. The internal equations of motion become
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Figure 2.3: Free Body Diagram for Internal Forces of Triangular Truss Follower
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E F;, = my, 0.4, = Fy + Ticosd — Vigsing (2.16)
}: Fp, = my,. .04, = Fy, — Tigsing — Vigcosd — my, .9 (2.17)
Lacct

Z Tzuct = Izlect$= le %Szn¢ + Fyl _-L;_Cdco's‘ﬁ + WﬂtT

int (2.18)

The only unknowns are the three internal forces. Thus, the equations can be solved
to find the internal forces at a section for each point in time. The internal forces are
calculated at seven equidistant points along the length of the member to find the
largest forces. The largest forces are then used to determine the maximum stresses

in the member.

2.7 Stress Analysis

The total stress at any point in the member is a combiﬁa,tion of the stresses caused
by the tension, shear, and bending moment. The stress created by the tension will
be constant at all points on a given cross-section. The contributions from the shear
force and the bending moment will depend on the point in the cross-section at which

the stress is calculated.

The tensile stress is proportional to the tension in the member, and is calculated as

53

o =

e (2.19)

h N
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where:
Tint = the tensile force in the member
A = the cross-sectional area of the member
The stress due to the bending moment depends on the distance from the neutral
axis and the area moment of inertia of the cross-section. The neutral axis is the axis
at the center of the cross-section where the bending moment is zero. Using these

values, the bending stress is given by

oM = Mintyl (2.20)
I
where:
M;,: = the internal bending moment
) = the distance from the neutral axis
I = the area moment of inertia opposing the bending moment

The shear stress is dependent on the first moment of the cross-sectional area about
the neutral axis, the width of the cross-section, and the area moment of inertia. The

first moment of the area, denoted by @, is defined as

Q= /,, jydA (2.21)

where y; is the point on the cross-section where the shear stress is calculated, c is |
the upper bound of the area across which the shear force is acting, y is the distance
from the neutral axis to a point in the area, and dA is the differential area at the
distance y and is equal to the width (b) at y multiplied by the differential thickness,

dy. The equation describing the shear stress is
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= V;'ntQ
Ib

(2.22)

We can simplify this equation by substituting in the formulas for @ and I for the

specific member with which we are dealing (in this case a hollow tube), resulting in

2‘/int y2
T=—F (1—0—;) (2.23)

Consider the cross-section of the follower shown in Fig. 2.4. There are two points
at which we will calculate the stresses. At point Sy, which is a point on the neutral
axis, the bending stress is a minimum and the shear stress is a maximum. At this
point, y; is 0, therefore ops = 0. Also, for the shear stress, 7 = %. The tensile
stress is or = %. We now combine these stresses using a Mohr’s Circle analysis to

find the maximum stress in the member. At S;, the maximum stress is found from

the equation

Omaz = 4/ 0’% + 372 (2.24)

At point Sy, which is the farthest away from the neutral axis, the shear stress is
zero and the bending stress is a maximum. At this point, the value of y; is equal to
¢, therefore 7 = 0. The bending stress is given as op = _MI_c As before, the tensile

stress is o = %. The maximum stress at point S is given as
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Figure 2.4: Cross Section of Triangular Truss Follower
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Omaz = \/(abs(oT) + abs(onr))? (2.25)

The absolute value of o7 and os are used because the maximum stress occurs where
the tensile stress and bending stress are additive. The tensile stress is constant across
the cross-section, however, the bending stress varies linearly across the cross-section
with a value of 0 at the neutral axis, causing a compressive stress on one side and
equal tensile stress on the other side. Therefore, the maximum stress occurs either

at point S; or at the point directly across the tube.

To ensure that the member doesn’t fail due to the internal stresses, the maximum
stress must be less than the yield value for the material. However, the member may

fail from buckling, so buckling failure must also be checked.

2.8 Buckling Analysis

For long, slender members that are loaded in compression, such as we have in the
truss, failure from buckling must also be checked. Buckling failure is not related
to the stresses in the member, but is a function only of the material properties
(modulus of elasticity), the dimensions of the member (cross-sectional area, slen-

derness ratio), and the boundary conditions. The slenderness ratio is defined as

length
radius of gyration

gyration is defined as \/g .

and depends only on the geometry of the member. The radius of

In this analysis, we use the Euler column theory, which defines the critical compres-

sive load that will cause buckling. The critical load is given as
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_ Cx’EA

Pcr = W (2.26)

where:
C is a constant based on the end conditions of the member
E is the modulus of elasticity of the material
A is the cross-sectional area of the member
1 is the length of the member
k is the radius of gyration

Shigley (19) provides values for the end condition constant. For the follower, the
ends are pinned and the value of C is 1.0. For the leadscrew tube, there is a cantilever
connection at one end and a pinned connection at the other end. A conservative

value of C for a cantilever-pinned column is 1.0.

2.9 Development of Active Member Force
Model '

The active member (consisting of the active base and the leadscrew tube) provides
the displacement input that drives the truss motion. The active base contains the
motor, gearhead, leadscrew, and supports. The leadscrew tube is a structural mem-
ber that has a nut that mates with the leadscrew and a pinned connection at point
B. The connection between the leadscrew and the leadscrew tube is assumed to be

a cantilever.

The development of the model assumes that the actuator provides a kinematic input
to the truss. The motor provides a rotational input, denoted as 6,,, to the motor
armature. The motor armature is connected to a planetary gearhead which reduces

the rotational motion by a factor of Gy, the gearhead gain. The output shaft of
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the gearhead is connected to the leadscrew. The leadscrew converts the rotational
motion into the linear motion of the leadscrew tube. The leadscrew factor, Gi,,
is based on the pitch of the leadscrew thread and is the linear displacement per
revolution of the shaft. The transformation between the motor armature rotation

and the leadscrew tube linear motion is defined as

_Gu

X
Gy

O (2.27)

where:
X = the linear motion of the leadscrew tube

Since this is a linear relationship, and both G, and Gj, are constant, the first and

second derivatives of the linear motion can be found as

. o
X= gubn (2.28)
X = -g::em (2.29)

The force exerted on the leadscrew tube by the leadscrew depends on the linear
acceleration of the active member and the masses of the truss members. We assume
that the motor can provide enough torque, through the gearhead and the leadscrew,
to provide the specified displacement, velocity, and acceleration. After the force
analysis is done at each time step, the resulting linear force on the leadscrew tube

is found.

To develop the relationship between the force exerted by the leadscrew and the
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motor torque, it is necessary to perform a force analysis on the leadscrew thread.

To do this, we “unroll” one turn of the thread and analyze the forces acting on it.

There are two cases that we will look at: in the first, the screw is acting against the

load; in the second case, the screw is acting with the load. To determine whether

the torque is against or with the load, we look at the difference between the static

load on the leadscrew tube and the actual applied load. If the applied load is in the

same direction as the static load, the torque is acting with the load. If the directions

of the static and applied loads are opposite, then the torque is acting against the

load. Fig. 2.5 shows the force diagrams for both cases. We will go through the

development for the first case only; the development for the second case is similar.

Summing the forces shown in Fig. 2.5(a) in the x and y directions yields the two

force equations

where:

u:
A=

> F.,= P — Nsin) — uNcos\

Y F,= F — NcosA+ uNsin)

force required to move the load
force exerted on the leadscrew tube
normal force acting the thread

the dynamic coefficient of friction
the lead angle of the thread

(2.30)

(2.31)

Eliminating the normal force, N, from these equations and solving for the required

force, P, on the thread yields
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Figure 2.5: Leadscrew Thread Force Diagram
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F(sinA + pcos))

P= COSA — psinA (2:32)
The torque developed by the leadscrew is given as
dm
Tp = TP (2.33)

where:
d,= the mean diameter of the leadscrew

Using the geometry of the thread, we can find the relation between the lead angle

and the lead as

A=tan™ ' — ' (2.34)

where:

[=the lead of the leadscrew thread (27G,)

d,=the mean diameter of the leadscrew
Substituting these equations into equation 2.30 above and dividing by cos provides
the final relationship between the linear force exerted on the leadscrew tube and the

torque provided by the leadscrew

_ Fd, (14 7ud,
7, = 22 (7r L “l) (2.35)

The torque, T, is the torque required both to act against the load and to overcome

the thread friction. We use the same procedure as above to find the torque required
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to act with the load as

Fd,, (npd, —1
L= (rdm + pl) (2:36)

The above torque relationship is based on an a square thread screw. If an Acme or
Unified thread screw is used, the effect of the thread angle, ar, also comes into play.
The thread angle is the angle that the thread makes with the longitudinal axis of
the leadscrew. The effect of the thread angle is that the required force, F, acts at
an angle, ar from the vertical. The torque/ force relationship, including the effects

of the thread angle, is given as

Fd,, {1+ rmudysecar
T, = 2.
P 2 (wdm - plsecaT) (2.37)
and
Fd,, { rud,secar —1
= 2.
T 2 (7rdm + ulsecaT) (2.38)

In order to use the above equations, it is necessary to know the coefficient of friction
of the leadscrew. This is difficult to obtain with any certainty. For the triangular

truss, the coefficient of friction is assumed to be 0.3.

The motor must provide the calculated torque and also overcome the effects of the

armature inertia. The armature inertia torque is defined as

Ty = Jbm (2.39)
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T,= the torque required to overcome the armature inertia
Jm= the armature inertia
0..= the rotational acceleration of the motor armature

The total torque that the motor must provide (for the torque acting against the

load) is

Tm=Ta+Tp=Jmém+

Fd,, (I + Wudmseca) (2.40)

2 \nd, — plseca

The torque provided by the motor depends on the voltage and the current in the

motor. The basic electrical equation describing the motor is

Vo= LI, + R I, + Kyf,, (2.41)
where:
Vm=the motor input voltage
L,= the motor inductance
I,= the motor current
R,= the motor armature resistance

Ky= the motor back emf coefficient
m= the motor shaft speed

D

In this analysis, the electrical time constant caused by the inductance is assumed to
be negligible compared to the mechanical time constant (26). The motor torque, in

terms of motor constants, is defined as

Tm = IaKt (2.42)

where:
T,,= the motor torque
K= the motor torque constant
I,= the motor current
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Knowing the required torque history and the required motor speed history (from the
linear velocity), we can back out the required motor parameters needed to provide
the specified displacement, velocity, and acceleration profile. For a given motor, the
values of K3, K3, R, and J,,, will be specified. These values are used in the equations
to find the voltage and current histories required by the motors to meet the specified

motion. We find the necessary current at each time step by the relation

=22 (2.43)

We can substitute the current relationship into the motor electrical equation to find

the required voltage at each time step as

m:n&+m@' (2.44)
K

We now have found the required voltage and current that must be input into the
motor at each time step in order to achieve the specified linear displacement, veloc-

ity, and acceleration of the leadscrew tube.

The leadscrew gain is chosen so that the leadscrew is self-locking. That is, when
the motor shaft is not rotating, the static axial load applied by the truss onto
the leadscrew/gearhead will not backdrive the motor. The self-locking condition
depends on the leadscrew gain and the diameter of the leadscrew (19) and is achieved

when
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G, < —— (2.45)

Before linear motion can start, the motor must provide enough torque to overcome
the static load and the friction in the leadscrew. Once the motion has begun, the
motor torque must overcome both the static load caused by the weight of the truss

and the dynamic load due to the motion.

2.10 Summary

In this chapter, we have developed a static and dynamic force model of the planar,
triangular truss. The procedure involves solving the equations of motion of each
member of the truss in parallel to find the interconnecting forces. These forces are
then used to find the maximum stresses in the truss members throughout the mo-
tion. The motor parameters are also determined from the acceleration history and

the loading.

Once the triangular truss model was developed, a simulation program was written
in MATLAB command language to perform analysis. This simulation program is

presented in Chapter 3.
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Chapter 3

Triangular Truss Simulation

3.1 Development of Simulation Program

The model developed in Chapter 2 was used to perform a simulation of the triangular
truss. This simulation was programmed using MATLAB command language. The
simulation program is presented in Appendix A. Since we did not have a physical
truss to model, the values for the member lengths, masses, areas, moments of inertia,
actuator displacement model, and simulation time were chosen to correspond to a
feasible design. All of the values were input when the simulation was performed. A
set of base values were chosen and used as a reference for the rest of the simulations.
First, a static simulation was performed. The results of the static simulation were
then compared to a finite element model for the same truss configuration. Second,
an initial dynamic simulation was performed. This simulation, using the base val-
ues, is known throughout this chapter as the Base Simulation. The simulation was
then run with different values for the lumped mass and simulation time, and the
results compared to the Base Simulation to demonstrate the changes in the forces

and stresses.

38



3.1.1 Base Configuration

The values used for the Base Simulation are summarized in Table 3.1. These val-

ues correspond to the variables shown in the triangular truss model presented in

Fig. 2.1.

Table 3.1: Base Simulation Dimensions and Constants

L1=2.0m Tytart=0m Material: Aluminum
Ly=2.0m Teng=1.2m Density=2711.5 %’1%
L3min=0.5m I1D=0.02222m Simulation Time=3s
L4=2.0m 0D=0.0254m No. of Steps= 50
Lumped Mass=10kg K; = 0.0398%=" | K, = 0.0398 _7—

Jn =676 x 107 Kg —m? | R, =2 G = 0.9618

Gi, = 0.003-7

3.2 Static Analysis

The first simulation performed was a static analysis in which the length of the active
member did not change. The dimensions used for the static simulation are those
shown in Table 3.1, except that, since there is no motion of the active link, z.,q is
also 0. The resulting reaction forces and internal member forces were then compared
to the results from a finite element analysis. The commercial finite element package
MSC/PAL was used to analyze the static case. The MSC/PAL model file and load-
ing file are included in Appendix B. Due to way the MSC/PAL code treats gravity,
the weight of the members was not included in the static analysis. MSC/PAL uses
a lumped mass approach to modeling the members, thus grouping the weight of

the members at the two nodes. The MATLAB simulation assumes that the weight
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acts at the center of gravity of the member. This difference between the two means
of applying weight forces will cause discrepancies between the two analyses. This
difference was overcome by not applying gravitational forces to either model. The
loads on the truss were generated by applying an external force to the node connect-
ing the follower and the leadscrew tube. The external force of 98.1 N was calculated

to be the gravitational force of the lumped mass and was applied to both models.

The results of the MATLAB simulation and the MSC/PAL analysis are presented

in Table 3.2. The two analyses result in identical results for the static case.

Table 3.2: Comparison of Static MATLAB Simulation and MSC/PAL FEA Simu-
lation

| VALUES | MATLAB | MSC/PAL |
Force Applied to Point B (Y-Dir) |-98.1 N -98.1 N
Base Reaction at Point O, (X-Dir) | 17.1813 N 17.18 N
Base Reaction at Point O, (Y-Dir) | 21.4594 N 2146 N

| Base Reaction at Point O; (X-Dir) | -17.1813 N -17.18 N
Base Reaction at Point O, (Y-Dir) | 76.6406 N 76.64 N
Tension in Member 1 -78.5429 N -78.54 N
Tension in Member 2 -27.4900 N -2749 N
von Mises Stress in Member 1 6.6136 x10°2; | 6.614 x10°2;
von Mises Stress in Member 2 2.3148 x10°27 | 2.315 xlof‘,%_

Since the MATLAB and the MSC/PAL results are the same, we feel confident that
the MATLAB model is correct, at least for the static case. When the effects of the
weights of the members are taken into account in the MATLAB model, the reaction
forces increase. For example, the base reactions at point O, with gravity applied,
are -20.1303 N in the X-direction and 92.9545 N in the Y-direction. Note that for

these calculations, no external force is applied. However, the weight of the 10 kg
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lumped mass is applied and is equivalent to the previously applied external force.

Once we were satisfied that the static model was correct, the next step was to run

the dynamic simulation.

3.3 Base Simulation

The task for the base simulation was to extend the active link from the starting
length of 0.5m (Lamin + Zstart = 0.5) to the end length of 1.7Tm (Lsmin + ZTena = 1.7)
in 3 seconds. The lumped mass connected to point B was 10 kg. Gravitational
forces were included for all of the members in the truss. The first step in the sim-
ulation is to determine the position, velocity, and acceleration history of the active
member. The third order model for the active member described in Section 2.2 was

used. The active member profiles for the Base Simulation are presented in Fig. 3.1.

The Base Simulation was run using 50 time steps. Doubling the number of time steps
did not produce significant changes in any of the calculﬁted values, accelerations or
forces. The nodal forces, reaction forces, and internal stresses were calculated at
each time step. Figure 3.2 presents the maximum von Mises stress generated in
the follower during this motion compared to the static von Mises stress at each
position. The maximum dynamic von Mises stress was found to be at point S; at
the midpoint of the follower (see Fig. 2.4). At this point, the bending moment and
the tension add together to provide a maximum von Mises stress of 4.3393 x 106-,%’5
at 1.8 seconds. The static von Mises stress for this point is 3.9695 x 106%. The

maximum stress caused by the motion is 4.7361 x 105% and occurs at 1.5 sec.
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Figure 3.1: Position, Velocity, and Acceleration of the Active Member during the
Base Simulation
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The maximum von Mises stress for the leadscrew is presented in Fig. 3.3 for both
the dynamic and static cases. The maximum stresses occur at the cantilever connec-
tion with the active base and are caused by the combination of tensile and bending
stresses. The maximum dynamic stress is 2.6256 x 107% and the maximum static
stress is 2.4501 x 107%. The maximum stress due to the dynamic motion of the
leadscrew tube is 2.3014 x 106% and occurs at 1.44 seconds.

After the Base Simulation was performed, the values of the attached lumped mass

and the acceleration profile were changed. The simulation was then rerun and the

results compared to those of the Base Simulation.

3.4 Effects of Changing Acceleration Profile

To study the effects of changing the acceleration profile of the active member, two
different simulations were performed. In each, the change in position of the active
member was the same (i.e., to move from 0.5m to 1.7m). The difference was in
the amount of time allowed to perform the motion. The simulation time was first
increased from 3 sec. to 5 sec. Next, the simulation time was increased to 10 sec.
For each simulation, the maximum von Mises stresses for both the follower and the
lead screw tube were calculated and compared to those found during the Base Sim-

ulation. The results are shown below.

In Fig. 3.4, the total von Mises stresses generated in the follower during the 3 maneu-
vers are presented. Figure 3.5 presents the total von Mises stresses in the leadscrew
tube for the 3 cases of differing acceleration. In each case, we see that the maxi-

muin stress increased when the acceleration was increased and decreased when the
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acceleration was decreased. We would expect that the faster motion would cause up
higher stresses in the members. The static stress is the same for each acceleration
case since it is dependent on position only. Note that as the acceleration decreases,
the dynamjc von Mises stresses generated during the motion approach the static
values. Thus, for the 10 second simulation, the main contribution to the stress in

the members is the static weight, not the motion.

3.5 Effect of Changing Lumped Mass

The next simulations performed looked at the effect of changing the value of the
lumped mass attached to point B. It was expected that the static and total stresses
would increase with an increase in the lumped mass and this is what was found.
The lumped mass value was increased from the 10 kg value in the Base Simulation
to 40 kg. The simulation was then run using a 3 sec. acceleration profile. The
static and total von Mises stresses for the follower for both cases are presented in
Fig. 3.6. The maximum static stress increases from 4.0917 X 106% for the 10 kg
case to 1.0296 x 107% for the 40 kg case. The max stress caused by the motion

increases from 4.7361 x 105% to 1.4617 x 106%.

3.6 Actuator Forces

The active base provides a force input (called the actuator force) to the leadscrew
tube that causes the motion of the truss. This force depends on both the loading on
the truss and the acceleration profile. Figure 3.7 shows the linear force applied to
the leadscrew tube during the 3, 5, and 10 second simulations with a 10 kg lumped

mass. The static force for each position in the motion is also shown. During the
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positive acceleration of the active member, the actuator force causes compression on
the leadscrew tube. When the active member is applying deceleration, the actuator
force pulls back on the leadscrew tube and creates an additional tensile force in
the leadscrew tube. As the acceleration goes to 0, the actuator force approaches
the static force. The shorter the simulation time (and therefore, the higher the
acceleration of the active member), the larger the loads that are applied to the
leadscrew tube. As the simulation time approaches 10 seconds, the actuator loads

applied to the leadscrew tube approach the static loads.

3.7 Motor Simulation

The motor simulation was performed to calculate the motor torque, voltage, and
current required at each timestep. The motor was assumed to have a maximum
speed of 3600 rpm (approximately 400 rad/s). The maximum velocity of the lead-
screw tube was then used in conjunction with the maximum allowable motor speed
to choose a gearhead gain (G,1) and a leadscrew gain (Gi,). These gains are based
on the acceleration requirements of the simulation, therefore, a different set of val-
ues must be used for each simulation. The results of the motor calculations are

presented for the base simulation (T=3.0 s) only.

For the base simulation, the maximum linear velocity of the actuator is 1.24777.

The mechanical gain was then chosen according to the relation

Xmaa:
6

(3.1)

Gmech =

Mmaz

where:
Gmech=g-$: - the mechanical gain of the motor/leadscrew
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The leadscrew gain was selected so that the screw thread would meet the self locking
condition, based on a coefficient of friction of 0.30 and mean diameter of the lead-
screw of 0.02 m. These values result in a maximum value for the leadscrew gain of
.003 m/rad. We then calculate the gearhead gain as =2+—. For the base simulation,

Gmech’

the gearhead gain was .9618.

We also assumed that the leadscrew used a square thread. The motor parameters
were then calculated at each timestep in the motion. The motor torque history
is presented in Fig. 3.8. The motor voltage and current histories are presented in
Fig. 3.9 and Fig. 3.10. The motor torque approaches 0 N —m at approximately 0.5
seconds. At this point, the follower is vertical and supports the entire weight of the
lumped mass. Also, the actuator force applied to thg leadscrew tube approaches
0 at this time. Therefore, the torque loading on the motor at this point is due
to the angular acceleration of the motor armature. Since the torque is nearly 0,
the current will approach 0 also. The voltage at this pbint is due to the back emf
(related to motor armature speed). At the end of the motion, the motor torque is
approaching a steady state value. This torque is the value required to support the
static load at the final position. In actuality, as the motion of the truss ends, the
self locking characteristic of the leadscrew will support the load and the motor will

not be required to provide a torque.

3.8 Buckling Results

The maximum buckling load for the members are based on the geometry of the

members. This maximum allowable load is then compared to the maximum com-
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Figure 3.8: Motor Torque History for the Base Simulation
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Figure 3.9: Motor Voltage History for the Base Simulation
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Figure 3.10: Motor Current History for the Base Simulation
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pressive load applied to each member. The results of the buckling analysis for the

triangular truss are summarized in Table 3.3.

Table 3.3: Buckling Analysis Results

MEMBER ALLOWABLE | 3 sec. - 10 kg | 3 sec. - 40 kg
LOAD Simulation Simulation
Follower 14812 N 308.6 N 11151 N
Leadscrew Tube 14812 N 86.9 N 336.2 N

Neither the follower nor the leadscrew tube will fail due to buckling during these
maneuvers. However, we have not applied a safety factor to the maximum load.
The maximum compressive force on the follower is getting close to the maximum
allowable load; if we used a safety factor of 2, it would exceed the allowable load. In
addition, the buckling analysis is based on a static loading with no bending moments
on the member. Therefore, if we were designing the truss to perform the motion with

the 40 kg load, we should change the follower dimensions to get a greater resistance

to buckling.

3.9 Summary

The MATLAB simulation provided excellent results for the static analysis of the tri-
angular truss when compared with the finite element analysis. The results achieved
during the dynamic analyses were not compared to experimental results, but do
agree with our expectations. The purpose of performing the triangular truss simu-
lations was as much to work through the method of analysis as to get results. The
results presented in this chapter are intended to inform the readers of the type of

information we will be getting and to prepare them for the results of the spatial

analysis.
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Chapter 4

Development of Spatial Truss
Model

The analysis is now extended to a three dimensional, spatial truss. We will first
look at a single, double-octahedral bay. A schematic diagram of the truss is pre-
sented in Fig. 4.1. There are 21 members in the truss, connected together at 9 node
points. The node points and members are identified in the figure; nodes are denoted
Ni and members are denoted by Mi. We will refer to these identifiers throughout
the model development. The reference coordinate axes are fixed at the base of the
truss and are identified as 7,72, and 713. The z,y, 2z coordinates of the nodes are
identified in vector form where N(i) is {Ni(z), Ni(y), Ni(z)}. The midplane of the
truss (members M7/8 through M11/12) is composed of active members. As in the
model of the planar truss, the active members are modelled as two links: an active
base (members M7, M9, and M11), and a leadscrew tube (members M8, M10, and
M12). All other members are of fixed length.

Two steps are required to completely analyze the forces in the truss. In the first step,
the unknown forces acting at the nodes are found. The model for this step is referred

to as the overall truss model. Once the nodal forces are found, the second step is to
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calculate the forces occurring in the active members. In developing the overall truss
model, the active members are considered to be one link. This is done because,
for an ideal truss, the members are pinned at the nodes and have a free degree
of freedom of rotation about the longitudinal axis. However, the active members
have a cantilever connection between the active base and the leadscrew tube. The
cantilever connection introduces six forces into the model (three linear forces and
three moments), but due to the free DOF, we only have five constraint equations.
Therefore, including the free DOF in the model introduces an extra unknown but
no corresponding constraint equation. Thus, the model becomes unsolvable since
there are more unknowns than equations. To overcome this, the active members are
modelled as a single, equivalent link during the analysis in which the nodal forces
are calculated. The nodal forces are then used in a detailed analysis of the active

member in which the forces acting at the cantilever connection are calculated.

Each member of the truss model has six nodal forces and gravity acting on it. The
forces acting on each member are assumed to be indei)endent. When the active
members are modelled as a single link, the overall model is reduced to eighteen
members. This results in 108 member nodal forces in the model. In addition, there
are three forces required to support the truss at each of the base nodes, adding nine
forces to the model. Therefore, there are a total of 117 unknown nodal forces in
the model. For each member, applying Newton’s second law gives five equations of
motion, resulting in 90 EOMs for the model. The remaining equations needed to
solve the model are provided by the fact that the sum of the forces at each node (in
all three directions) must be zero. This adds 27 constraint equations, resulting in

a total of 117 equations for the truss. Since we have an equal number of unknowns
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and equations, the truss is statically determinate and we can solve for all of the

unknown nodal forces.

In order to perform the force analysis, it is necessary to know the accelerations of
the centers of gravity, and the angular accelerations, of each member. For the pla-
nar truss, this was a relatively simple matter of stepping through the motion of the
single active member and finding the resulting orientations of the members. In the

spatial case, however, this kinematic analysis becomes much more complex.

4.1 Spatial Truss Kinematic Analysis

The spatial truss geometry depends on the lengths of the three active members lo-
cated in the midplane. There are basically two different types of kinematic analysis.
The forward position analysis requires finding the location of the nodes based on
the known lengths of the active members. The inverse analysis is to find the lengths
of the active members given a known orientation of the truss. Padmanabhan (13)
has developed a closed-form solution for the inverse analysis of the gimbal problem.
That is, given the angular orientation of the top plane, the position of all nodes of
the truss can be located in the fixed, Newtonian reference frame. The forward po-
sition analysis, however, has no closed-form solution and must be solved iteratively.
In developing the motion of the spatial truss, the active link lengths are specified
and we must solve the forward analysis to find the center of gravity and angular

accelerations of the members. This requires solving the kinematics iteratively.

Warrington (24) developed a method for solving the forward analysis for a single,
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double-octahedral spatial truss bay. For small motions about an operating point,
the nonlinearities in the forward analysis can be linearized to give a good approx-
imation for the location, velocity, and acceleration of the nodal points based on
the small changes in the active member lengths. The position Jacobian is devel-
oped numerically by giving the active members small motions and calculating the
resulting change in the nodal position. The velocity and acceleration Jacobians are
then found by numerically calculating the partial derivatives of the velocities (or
accelerations) with respect to the active members velocities (or accelerations). This
analysis is done at a given operating point and is only valid for small motions about

that point.

Warrington (25) also developed a method of finding the position, velocity, and ac-
celeration of the nodes during a large angle slewing maneuver by iterating on the
link lengths to find the angular orientation for those lengths. The method is as
follows. The motion of the three active links is first discretized. Then at each time
step, the inverse problem is solved iteratively to find thé geometric orientation that
corresponds to the given link lengths. Thus, the positions of the nodes are known
at the time step. The link lengths are then incrementally changed during the next
time step, and the next orientation is found. Using difference techniques, the veloc-
ity and acceleration of each of the nodes can be found. After the iterative solution
is complete, we have the position, velocity, and acceleration history of each of the
nodes throughout the entire maneuver. The position, velocity, and acceleration of
the nodes are given in a coordinate frame that is fixed at the base of the truss. These
node histories are used as inputs into the force analysis detailed in this chapter. The

large-angle slewing kinematics is used in this thesis.
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4.2 Newtonian and Body-Fixed Coordinate Sys-
tems

To perform a dynamic force analysis, it is necessary that the position, velocity, and
acceleration of all of the truss nodes be known relative to a fixed, Newtonian refer-
ence system. The information provided by the kinematics analysis is given in terms
of a reference system that is fixed at the base plane of the truss. For a single-bay
truss, this is the Newtonian system. However, it may be more convenient to work in
other coordinate systems when evaluating the equations of motion. In particular, a
coordinate system that is fixed to the member allows us to use the principle axes of
the member. Principle axes are defined as those in which the products of inertia go
to zero. For a beam ot truss member, the principle axes consist of the longitudinal
axis of the member (along the length) and two axes that are perpendicular to the
longitudinal axis and to each other. In Fig. 4.2, both the Newtonian axes (71, 722, 723)
and the body-fixed axes (131, 2)2, 133) are shown. Each mefnber of the truss will have
a unique body-fixed coordinate system. It is convenient to evaluate the torque (or
rotational) equations of motion using body fixed coordinates where we only have to
deal with moments of inertia. Newtonian coordinates are better for evaluating the
force equations of motion since the accelerations of the nodes and the nodal forces

are provided in Newtonian coordinates.

The Newtonian coordinate system and the body-fixed coordinate system for body 2

are related to each other through the cosine matrix as
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Figure 4.2: Member M13 Showing Global and Body-Fixed Axes
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by Ch Ciz Cip ] [ A
?2 = C;l 052 C;a ﬁz (4. 1)
b3 n Cip Cis ns

Using this transformation, we can change between the Newtonian and body-fixed
coordinate systems at will. Each row of the cosine matrix is a unit vector describing
the direction of the vector in Newtonian coordinates. The cosine matrix adheres to
the right hand rule and has a determinate of +1. The method used for calculating

the body-fixed coordinate systems will be described below.

4.2.1 Calculating Body-Fixed Coordinate Systems

For each member of the truss, we will have a unique body-fixed coordinate system.
Consider member M13 shown in Fig. 4.2. Member 13. connects nodes N6 and N9.
The by axis is always assumed to be taken along the longitudinal axis of the member,
i.e., the axis connecting the two nodes. The third row of the cosine matrix is the

transformation between the 7 coordinate system and the bs axis and is calculated

as
Ny — Ng
Cy = ot 4.2
3, ” N9 _ Ne ” ( )
where:
C33- third row of the cosine matrix for member 13
Ng — Ng - vector difference between the nodes in the 7,713,713
coordinate system

| No — N¢ || - absolute scalar distance between the nodes

The physical motion of the truss member is considered when developing the other
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two axes of the body-fixed coordinate system. Due to the physical constraints of
the truss, member 13 can only rotate about the axis connecting nodes N9 and N7.
This axis is identified as £ is this analysis. The two vectors, 03.3 and £ define
~a plane containing the member. An axis perpendicular to this plane will also be
perpendicular to the member. This axis will be the b, axis. Therefore, we define

the C13 transformation to be the cross product of these two vectors, i.e.,

& x C33
£ x C3 ||

13 _

1, —

(4.3)

Knowing two of the three unit vectors, we can find the third, C33, using the cross

product, as

CR=CBxCB (4.4)

The cosine matrix relating the b and # coordinate systems for member 13 is given

as

0| S
[c ] = gia (4.5)

The cosine matrix for each of the truss members is developed using the analysis
described above. Note that since these cosine matrices depend on the orientation of
the members, they will be changing as the truss undergoes motion. Once we have
the body-fixed coordinate system established, we can then develop the equations of

motion of the members.
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4.3 Overall Truss Equations of Motion

The equations of motion for the overall truss consist of the equations of motion
for each member and the nodal constraint equations. The EOM analysis for a
single member will be described below. Then the nodal constraint equations will be
developed. Finally, these will be combined to give the system of equations describing

the entire truss.

4.3.1 Member Equations of Motion

The equations of motion are developed for each member of the truss and then
combined to form a description of the entire truss motion. To find the equations
of motion for a member, we first draw an FBD and label the forces applied to it
and the coordinate system. Consider the FBDs for member 13 that are presented in
Fig. 4.3. There are two FBDs for the member, one using the Newtonian coordinate
system (Fig. 4.3(a)) and one using the body-fixed coordinate system (Fig. 4.3(b)).
At each node, there are three forces applied to the member. All forces applied to
the members are described in the Newtonian coordinate system. This allows us to
write the forces at all of the nodes in the same coordinate system and facilitates
creating the combined system description. For member 13, we have Fi,,, Fy,,, F3yq
applied to node N6 and F,,,, F,,, F;,, applied to node N9. These global forces can

be converted into body fixed forces by using the cosine matrix

Fuﬁl 13 F$19ﬁ1
Fos, | = [ C ] Fyyon, (4.6)
FSll;s 219713
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F, 125, 13 207
Fop, | = [ C ] Fiaota (4.7)
3253 22073

We use both the global forces and the body-fixed forces in developing the equa-
tions of motion. The global forces are used to develop the linear force EOMs (i.e.,
> Fi s 2 Fiy, 2 F;,) while the body fixed forces are used to evaluate the the mo-
ment equations (3°T; ,3T;,). There are two angular motions that we must con-
sider, ay3-; about the ?)1 axis and aj3_2 about the 52 axis. As we mentioned above,
we evaluate the angular accelerations in the body-fixed coordinate system so that
we deal only with principle moments of inertia. Also, since the truss members are

pinned at the nodes, there are no applied torques about the 133 axis.

Applying Newton’s laws of motion to member 13 results in 5 EOMs

Z Fiy, = masauss, = Fryy + Fzzol (4.8)
>, Fi, = muaps, =Fy, + Fyy (4.9)
Z Fiy = mazaizs, = F;, + Foy —maag (4.10)
Yo T = Lgousa =%(le — Fp) (4.11)
> Ti, = Igy,013-2 =%(F12 — Fy) (4.12)

To facilitate combining the member EOMs into the system matrix, we arrange the

EOMs in a 5 by 6 matrix as
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mM13013,, 1 0 0 1 0 0 F
M13013,, 0 1 0 0 1 0 Fm
M13di3,, +Miag | = 0 0 1 0 0 1 F’“
'Ez-; (Icgla Q13-1 ) C‘%,?i 021’,32 021,?3 _021’,31 “C%,az _C%% Fzzo
Tog (Legrs @13-2) -Cip -G -Gl ClY Gy Cf FZ::
(4.13)

The EOM development described above is applicable to every member of the truss,
both active and fixed-length. Only the identification of the forces and the values
of the cosine matrices will change for the specific member. There are a total of 18
members in the overall truss model. The 18 members yield 90 equations (18x5)
and 108 unknown nodal forces (18x6). Since there are more unknown forces than
equations, we must find additional equations to solve for the forces. These additional

equations are the nodal constraint equations.

4.3.2 Nodal Constraint Equations

There is no relative linear motion between the members connected at each node and
the node point itself. Therefore the forces acting at the node must be in equilibrium.
There are two types of equilibrium at the nodes, depending on whether or not a lump
mass is attached to the node. If there is no attached mass, then the sum of the forces
at the node must be equal to zero. If there is an attached mass, then the sum of the
member forces must be equal to the lumped mass multiplied by the acceleration. In
addition, external forces can be applied to the truss by applying forces at the nodes.
At each node there can be forces and accelerations in each of the three Newtonian
axes (i1, g, and f3). Therefore, we need three equilibrium (or constraint) equations
for each node. For example, at node N9, there are forces applied by member M13
(Fzos Fyzor F2zo), by member M18 (Fy,,, Fyyo, Fryp ), by member M19 (F,,, Fy,,, Fuy,),
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and by member M21 (Fg,,, Fyye, Frye). Assuming there are no lumped masses or

external forces applied at the node, we can write the constraint equations as

Z Ffu = 0=FZ20+F230 +Fzsz +F1’36 (4'14)
Z Fﬁ2=> 0=Fy20+Fyao +Fy32+FV36 (4'15)
Z Fﬁa = 0=F120+ano +F232 +F233 (4‘16)

There will be three constraint equations at each of the nine nodes. This will add 27
equations to the truss model, resulting in a total of 117 equations. However, we only
have 108 unknown forces from the member EOMs. The additional 9 forces come
from the reaction forces from the ground applied at nodes N1, N2, and N3. At each
of the ground nodes, there will be three forces applied to the truss (R, Ry, and

R,,). For node 1, for example, the constraint equations become

Z Fi = Rxl = Fm + Fy (4.17)
Z Fi, = Ry = Fy + Fy (4.18)
E Fﬁs = RZ1 - Fz4 + Fzs (419)

There are now 117 equations describing the motion of the truss and 117 unknown
forces. These equations and forces are next combined to give the overall truss sys-

tem matrices.
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4.3.3 Combined System of Equations

Now that we have an equal number of forces and equations, we can set up the overall
truss system of equations. Since the forces applied at each node are independent,
each of the member matrices are independent. To combine these into a system
matrix, we pad each matrix with columns of zeros. Therefore, for each member, we
will have a 5x117 matrix. There are 27 constraint equations which will consist of
ones and zeros and will give a 27x117 matrix. These matrices are then combined

resulting in the overall system matrices. The description of the overall truss is given

as
mi = | SM F (4.20)
where:
{mZ} - 117x1 vector of inertial forces and constraint values
[SM] - 117x117 matrix of force and constraint coefficients
{F} - 117x1 vector of nodal forces and base reaction forces

In order to solve for the forces, we must now calculate the acceleration of the center

of gravity and the angular acceleration of each member.

4.4 Acceleration Analysis

In Section 4.1, we discussed the development of the kinematic relationship between
the motion of the active members and the motion of the nodes. From that analy-
sis, the position, velocity, and acceleration of the nodes is provided as input to the
force analysis. It is necessary to use absolute velocities and accelerations that are

measured relative to a fixed, Newtonian reference frame to evaluate the EOMs. The
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nodal information provided by the kinematic analysis assumes that the base plane
(defined by nodes N1, N2, and N3) is fixed in space. For the force analysis of the
singe double-octahedral bay, this assumption is true. When the force analysis is
extended to multiple bays in Chapter 6, the base plane will not always be fixed and

we will have to make some corrections to the kinematic nodal acceleration.

The velocity of the i* node is identified as a vector quantity, V(3), given as

V(5) = [Vi(hn), Vi(h2), Vi(ha)] (4.21)

- component of velocity of node N: in the 7, direction
component of velocity of node Nz in the iy direction
component of velocity of node N in the 75 direction

I
>3 >
[ &)
Nt et e’
(]

In a like manner, the acceleration of the #** node is a vector quantity given by

A(i) = [Ai(a), Ai(fa), Ailfs)] (4.22)
where
A;(R1) - component of acceleration of node N7 in the 7 direction
Ai(fn2) - component of acceleration of node N¢ in the 75 direction
A;(fiz) - component of acceleration of node N¢ in the 73 direction

The position, velocity, and acceleration of each of the nodes will be provided at
each time step as input to the force analysis. Using this information, the angular

accelerations and accelerations of the centers of gravity can be calculated.
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4.4.1 Angular Accelerations

Angular accelerations for each of the members is required in order to evaluate the
torque components of the EOMs. We have two distinct angular acceleration prob-
lems for the spatial truss. The fixed members are components of fixed planes for
which there is no relative angular motion between the members. In the case of the
active members, however, there is relative angular motion in the midplane. These

two cases will require different formulations for angular accelerations.

For the case of the fixed members, we calculate the angular accelerations based on
the Newtonian velocities and accelerations of the nodes of the plane. Consider the
top plane containing the fixed-length members M19, M20, and M21 and nodes N7,
N8, aﬁd N9. The plane is shown in Fig. 4.1. In general, there can be three rotations
(and corresponding angular velocities and accelerations) of the plane; one about
each of the three Newtonian coordinate axes. The angular velocities are identified
as wy,ws, and w3, and the angular accelerations are identified a4, ag, and a3. We first
have to solve for the angular velocities. Since there is no relative velocity between

the members, we calculate the velocity of two nodes as

Vo=Vo+ Vosr

% = 1/7 + (W]'fll + w2ﬁ2 + w3fz3) X (Ng - N7) (423)
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where:

Vo - Vector containing the #,, 722,73 components of the velocity
of node N9

Vr - Vector containing the #,,7,, 73 components of the velocity
of node N7

(Ng — N7)- Vector containing the i, i, 3 distance between the
two nodes

For convenience, we will write (Ng — N7) as (Azy Ay, Az;). The velocity equations
for node N9 with respect to node N7 (in each of the coordinate directions) are then

given as

Vg;,,1 = V7ﬁ_1 + (ngzl - waAyl) (424)
‘/9;12 = ‘/’7,“,2 + (ng.’El -_ w]_AZl) (4.25)
Vo, = Viag + (w18y1 — wp A1) (4.26)
or, in matrix form,
‘/qu - V?'fu 0 AZ]_ _Ayl w1
‘/9-;;2 - Vfﬁz = —A21 0 A.’El Wo (4.27)
Vors — Vi Ay, =4Oz 0 w3

This matrix is indeterminate (determinate = 0), therefore, we need to combine it
with information found from the relative velocity of node N8 with respect to (wrt)
node N7. Using the same approach above, we find the velocity equations for N8
wrt NT to be

Ve, = Vg, + (w2Azp — w3Ays) (4.28)
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Vany = Vi + (w3Azg — w1 Azy) (4.29)

V'Sﬁa = ",71"13 + (wlAy2 - w2A$2) (4'30)

Azx,- 7y difference between nodes N8 and N7
Ay,- fi; difference between nodes N8 and N7
Az;- ng3 difference between nodes N8 and N7

To get a determinate system of equations to find the w’s, we need to combine one of
the equations for V3 wrt V7 with two of the equations for Vy wrt V7. We arbitrarily
choose to use the #; and 7, equations of Vg wrt V7 and the #3 equation of V3 wrt

V7. The combined system, in matrix form, is then

%r‘q - V7ﬁ1 0 A21 —Ayl wq
V;).,‘;.‘, - V7.;,,2 |-= —A21 0 Aml (735 (431)
‘/S'ﬁa - Wﬁa AyZ _sz 0 w3

The matrix is now determinate and we can find the ;a,ngular velocities of the top

plane as

wy 0 Az, —Ay - Vo, — Vaa,
Wy = —A21 0 A.’E] ‘/9;12 - ‘/7,7,,2 (4.32)
w3 Ay, —Az, 0 Vaas — Vaig

Once we have the angular velocities, we can then calculate the angular accelerations
of the plane. We use the same method of writing the relative accelerations of the

nodes of the plane, where

Ag = A7+ Agjr

Ag = A7+ {a} x {No — N7} + ({w} x ({w} x {Np — N7})) (4.33)
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where:

Ag - fi1, 2, N3 components of the acceleration of node N9
A7 - fi1, N2, N3 components of the acceleration of node N7
{a}- Vector of Newtonian angular accelerations
({a1ﬁ1 agflg aa‘ﬁ@})
{w}- Vector of Newtonian angular velocities as calculated above

{Ns — N7}- Vector containing the #;, 2,713 distance between the
two nodes ({Az1Ay1A2})

Evaluating the cross products results in three equations for the relative accelerations

of the nodes, N9 and NT.

Aoiy = Ay + (2Az) — azAyr) + [wo(wi Ay — weAzy) —

w3(wzAy — w1 Azy))
Ao, = Ariy, + (3Az1 — a1 21) + [w3(wr Az — w3Ayr) —

w1 (w1Ay; — waAzy)) (4.34)
Agay = Ana, + (1 Ay; — a2Azy) + [0y (LU;_:,A.'L'I —wAz) —

(5] (wg A21 - ngyl )]

Once again, the system of equations is indeterminate, therefore, we need to add
an independent equation from the relative acceleration of node N8 wri N7. The
equation will be in the same form as above, except that the relative displacements
between N8 and N7 will be identified as {Az; Ay, Az }. The fi3 equation will be
combined with the f; and 7, equations above. This will yield a matrix representation

of the system given as

Asiy, — Azay — B 0 Azy —Ay o
/’19,‘12 - A’mz bt }921 = -—AZ]_ 0 A:L'l Q2 (435)
Asny — Aziy — P32 Ay, —Az, 0 o3
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where:
Bu wz(w1Ay1 - szIDl) - wa(waAzl - wlAzl)
B ws(szzz - wsAyl) —uw (wlAyl - szfCl)
Bz = wi(w3Az; — w1 Azy) — wa(we Az — w3Ays)

The matrix is now determinate and we can solve for the angular accelerations as

oy 0 Az, —Ay - Aga, — Aza, — B
ay | = | —Azn 0 Az, Ao, — Arjy — P (4.36)
o3 Ay, —Az, 0 Agiy — Ariy — B2

We find the angular accelerations in body fixed coordinates by performing a coordi-
nate transformation using the cosine matrix. There are three members (M19, M20,
and M21) in the top plane. The body fixed angular accelerations for member M19

are given by

019_1{)1 alﬁ,)l
—2by | = [ c1® ] asfiy (4.37)
0y9-3b3 Qzn3

a19-1 and ajg_2 are used to evaluate the EOMs for member M19. a;9_3 is not used
since the members are pinned at the ends and are free to rotate about the b3 axis.
The body-fixed angular accelerations for members M20 and M21 are found using

the cosine matrix for each member.

The above angular acceleration calculations are performed for each fixed-length
member of the truss. The same analysis cannot be used to determine the angular
accelerations of the active members since there is relative angular motion between
the links of the midplane. For these members, the angular accelerations are calcu-
lated in body-fixed coordinates to begin with. The relative velocity and acceleration

equations of the midplane members are more complicated than for the fixed-length
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members since there is linear motion within the links. Consider member M7/8 which

connects nodes N4 and N5. The relative velocity is given by

Vis =V + Voyu

(4.38)

The relative velocity term, V; J4b) is not only a matter of angular velocity but also

includes the linear velocity applied by the active member. Assuming that the angular

velocity about the by axis is negligible (since it is a free degree of freedom), the

velocity equation becomes

Vi =V + G7bs + ({w7_131 + w7_232} X {H Ns — N, || i’a})
where:
Z,= linear velocity applied by active member, M7/8

Evaluating the cross products and separating into like components yields

Vi, = Vi, twr—z || Ns — Ny ||
Vi, = Vg, —wr—1 || Ns — Ny ||

Vi, = Vag, + 27

From these equations, we can immediately find wr_; and wy_; as

Vi, = Vsi

W1-1 = TNs=N|
V..

w7 2 — Vbh 4b1
- [[Ns =N

(4.39)

(4.40)

(4.41)

(4.42)

To calculate the relative acceleration, we assume that the angular acceleration about
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the b axis is also zero. The acceleration equation is then
Agp = Ay + A5/4B (4.43)

The acceleration of N5 wrt N4 is found by differentiating the relative velocity, V; /46>

given as

Vagas = d1bs + ({ws} x {|| Ns = Ny || b5}) (4.44)

The differential acceleration is then

Agsgp = Erbs + {ws X &7} + {onx || Ns — Na ||} + {ws x (&7 + wpx || Ns — Na 1)}
(4.45)
Substituting into Equation 4.43, combining like coordinates and evaluating the cross

products results in the three acceleration equations

Agp, = Ay, +aroa || Ns — Ny || +2wr-237 (4.46)
Agy, = Ag, —ar-1 || Ns — Nu || —2wr1d7 (4.47)
Ag, = Ay, +E7—wi_ || Ns — Ny || —wi_, || Ns — Ny || (4.48)

From the b, and b, equations, we can solve for a;_; and a7_; where

$ Aq —A552 —2Ww7—-1L7
I A551 —A“l —2wr o7
a7—2b2 - ||N5—N4" (4-50)
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(4.51)

We can find the angular accelerations in body-fixed coordinates for each of the ac-
tive members. Using the above analysis, the angular accelerations for each of the
truss members is known. In order to evaluate the EOMs, we next need to calculate

the acceleration of the centers of gravity of each of the members.

4.4.2 Center of Gravity Accelerations

The accelerations of the centers of gravity of the members depend on the nodal ac-
celerations supplied by the kinematics analysis. As with the angular accelerations,
the center of gravity acceleration calculation depends on the type of member, fixed-
length or active. First consider the center of gravity acceleration of a fixed-length

member.

Consider fixed-length member M17 (connecting nodes N7 and N9). The acceleration
equation for the two nodes (in global coordinates) is given in Equation 4.33. Since
the member is fixed-length and constant density, the center of gravity is the midpoint
of the member. We denote the center of gravity as CG13. The distance between
CG13 and node N7 one half the distance between nodes N7 and N9. Therefore,
using the notation that No — Ny = {Az; Ay; Az} we can immediately write that
the distance between CG13 and N7 is

(4.52)

{CG13 — N;} = {Aml Ay, Azl}

2 2 2

We can now find the acceleration of the center of gravity as
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Acciza, =

ACGISﬁz

Accisis

which is equivalent to

where:
Ag/r=

A A A
Aray + (02— — 0= + wa(w 1— —wr—t) =
Ay A
ws(w3—2l _ wlﬁ)]
A A A
= Az, + (a3 ;l zl) + [w_,,(wzi - waﬁ) _
Ay A
wl(wlTl - W2—xl')] (4.53)
A A A A
= Amy+ (@ 23/1 — Q3 ;1) + [L«h(«a’s—zwl _wl%) -
A A
W2(w2——2€:-]" el wg'ﬂ)]
A
Acgrs = Ar + 2L (4.54)

2

A9 — A7

Therefore, we find the equation of the center of gravity for member M13 to be

A9‘ﬁ1 - A7ﬁ.1 — A7ﬁ1 + A9ﬁ1

Accisi, = Ariy + 2 5 (4.55)
Aos, — Az, Anay + Asa

Acorsi, = Ay + —2 5 T 2T 5 iz (4.56)
Agi, — Ari Ari, + A

ACGlaﬁa — A7ﬁ3 + Onaz 2 Tng T3 2 Oiia (4.57)

This analysis is valid for each of the fixed-length members, including those connected

to the fixed base.

In that case the base node acceleration will be 0.
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The calculation for the center of gravity acceleration of the active members is more
complex. This is because that, due to the leadscrew tube translating over the active
base, the center of gravity is changing at each time step. Consider the schematic
of the active base/leadscrew tube shown in F;ig. 4.4. The total length of the active
member at a given timestep is L;. Point A is the connection of the active base
with a node, point B is the connection of the leadscrew tube and a node. The
length of the leadscrew tube is a constant value of L;, and its center of gravity is
located at a distance %ﬂ from point B. The center of gravity of the active base is
located a distance Logpase from point A. The combined center of gravity of the active
base/leadscrew tube is located at the distance CGy,: from point A. The leadscrew
tube has a mass of m;, and the active base mass is mg;. The distance CGy,; is found

as

L
mls(Li - _2h) + mabLCG’baae

my, + Mgy

Clc;’tot =

(4.58)

As opposed to the fixed-length members where the center of gravity is 1 the total

length, the active member center of gravity is a fraction Q%:“ of the total length.

The acceleration of the center of gravity of the active member is then given as

CGtot(AB - AA)

- (4.59)

AcGact = Aa +

For member M7/8, points A and B correspond to nodes N4 and N5 respectively,

and the acceleration becomes
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Figure 4.4: Schematic of Active Member
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CGrs(As — Ag)
L8

Acgrs = As+ (4.60)

We have now calculated all of the center of gravity and angular accelerations for the
members of the truss. The only values left to calculate before we can solve for the

unknown nodal forces are the moments of inertia and the masses.

4.5 Calculation of Member Constants

The fixed-length members of the truss are all assumed to be hollow tubes. The
tube dimensions are input when the simulation is run, and the values for mass and
moment of inertia are calculated at that time. The only complicated calculation is
that for the moment of inertia of the active members., Since the length and center
of gravity of the active member is changing, the moment of inertia will change at
each time step. The distance from the total center of gravity (CG,) to the center
of gravity of the active base (CG,s), shown in Fig. 4.4, is given as d1. The distance
from the total center of gravity to the center of gravity of the leadscrew tube (CGj,)
is d2. The moments of inertia of the leadscrew tube (Ij,) and active base (I;)
about their respective centers of gravity are constant. We then use the parallel axis

theorem to find the moment of inertia of the active member about CG,,; as

ICGtot = Ils + Iab -+ mlad12 + mabd22 (461)

Since the value of d1 and d2 will change at each time step, the moment of inertia of

the active member will also change. Knowing all of the member properties, center
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of gravity accelerations, and angular accelerations, we are now ready to solve the

system of equations for the unknown nodal forces.

4.6 Solution of the Equations of Motion

At this point, we have the system of equations for the overall truss model, and we
have calculated all of the center of gravity accelerations, member angular acceler-
ations, masses and moments of inertia. The nodal forces are found by multiplying
the inverse of the system matrix by the known inertial forces (acceleration forces)

as

{F} = [SM]"Y{{MX} (4.62)

This results in a nodal force vector containing 117 forces (6 nodal forces for each
of the 18 members, and 3 reaction forces for each of the 3 base nodes). The iden-

tification of the forces and their locations within the nodal force vector is given in

Table 4.1.

Once we have the nodal forces from the overall truss model, we need to look closer

at the active member simulation.

4.7 Active Member Analysis

As stated above, during the overall truss simulation, the active members are each
modelled as a single member with varying length, center of gravity, and moment of
inertia. In actuality, each active member consists of two links, an active base and a

leadscrew tube, with a cantilever connection between them. The location of the
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Table 4.1: Identification of Forces in Nodal Force Vector

MEMBER | NODE [ DIRECTION ROW OF FORCE
FORCE VECTOR | IDENTIFICATION

1 6 1 1 F,,
6 fia 2 F,

6 fis 3 F,

2 iy 4 F,,

2 fig 5 F,

2 fia 6 F,

2 6 i 7 F,,
6 fig 8 F,

6 T3 9 F,,

1 iy 10 F,,

1 fia 11 F,

1 fia 12 F,,

3 4 1 13 F,,
4 fa 14 F,,

4 fia 15 F,

1 fiy 16 F,,

1 fia 17 F,

1 fi 18 F

4 4 1 19 F,,
4 fg 20 F,

4 fa 21 F,

3 i 22 F,,

3 fig 23 F,,

3 fia 24 F,

5 5 i 25 F,,
5 fig 26 F,

5 fia 27 F,

3 fiq 28 Fo

3 fig 29 F,,

3 fig 30 F,,

6 5 iy 31 F,,
5 fig 32 F,,

5 fia 33 F,,

2 M 34 F,,

2 fia 35 F,,

2 fia 36 F,,
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Table 4.1 (cont): Identification of Forces in Nodal Force Vector

MEMBER | NODE | DIRECTION ROW OF FORCE
FORCE VECTOR | IDENTIFICATION

/8 4 A1 37 F.,
4 Az 38 F,,

4 A3 39 F,,

5 o 40 Fi.,

5 iy 41 F,,

5 fia 42 F,,

9/10 5 Ay 43 F,,
5 Aig 44 F,,

5 A3 45 F.,

6 Ay 46 F.,

6 fig 47 F,,

6 fia 48 F.e

11/12 4 A1 49 Fy,
4 Az 50 F,,

4 fa 51 F,,

6 Ay 52 F,,

6 Ay 53 F,,

6 A3 54 F,,

13 6 Ay 55 F,,
6 iy 56 F,,

6 A3 57 F,,

9 A1 58 F.,,

9 Ay 59 Fyp,

9 i3 60 F,,

14 6 Ay 61 F.,,
6 Ay 62 Fy,

6 fia 63 F,,

7 Ay 64 F.,

7 Az 65 F,,

7 Aig 66 F,,

15 4 Ay 67 F,,
4 o 68 Fy,

4 A3 69 F,,

7 A1 70 F.,,

7 iy 71 F,,

7 iy 72 F,,
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Table 4.1 (cont): Identification of Forces in Nodal Force Vector

MEMBER | NODE | DIRECTION ROW OF FORCE
FORCE VECTOR | IDENTIFICATION
16 4 A1 73 Frons
4 Az 74 F,,
4 ‘fla 75 F 225
8 Ay 76 Fipy
8 Ay 77 Fypy
8 A3 78 F.,,
17 5 A1 79 Fy,,
5 Az 80 F,,
5 A3 81 F,,
8 fix 82 F,,
8 Ay 83 F,,
8 Ais 84 F,,
18 5 Ay 85 F.,,
5 g 86 F,,
5 fi 87 F,,
9 fix 88 Fiy,
9 Aia 89 F,.,
9 fi3 90 F,,,
19 7 Ay 91 Fs,,
7 Ay 92 F,,
7 Aa 93 F,,,
9 A1 94 Fu,,
9 Az 95 Py,
9 As 96 F.,
20 8 Ay 97 F,.,
8 Ay 98 Fy,
8 Aa 99 F.,
7 Aq 100 F,,,
7 Aa 101 F,,,
7 Ais 102 F,,,
21 8 Ay 103 F,,,
8 Ay 104 F,,
8 A3 105 F,,
9 Ay 106 Fy,,
9 Ay 107 F,.,
9 fis 108 F,,,
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Table 4.1 (cont): Identification of Forces in Nodal Force Vector

MEMBER | NODE | DIRECTION ROW OF FORCE
FORCE VECTOR | IDENTIFICATION

Reaction 1 iy 109 R,
Forces 1 g 110 R,

1 N3 111 R,

2 i 112 R,

2 iy 113 R,

2 i3 114 R,

3 o 115 R,,

3 g 116 R,

3 N3 117 R,
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cantilever connection moves along the length of the active base during the motion.
It was shown above that modeling the active members as two links in the overall
truss model adds three extra unknown forces but no extra constraint equations.
Therefore, the overall truss model is solved modeling the active members as one
link. The overall truss model will provide the nodal forces acting at each end of
an active member. Knowing the location of the cantilever connection and that the
leadscrew tube is constant length, we use the nodal forces to find the forces acting

at the cantilever connection.

There are 3 forces and 2 moments acting at the cantilever connection. The 3 forces
can be assumed to be acting either in the 72 coordinate system or in the b coordinate
system. Since the principle moments of inertia are in the b coordinate system, it is
less complex to use that system to evaluate the moment equations at the cantilever
connection. The b forces are found by using the cosine matrix for the member. The
n forces are used to evaluate the force equations. The FBD for the leadscrew tube
of member M7/8 is given in Fig. 4.5. Summing the fofces in the 7 axes and the

torques in the b axes results in the 5 EOMs

Z F;, = myacg,m = Fp, + F, (4.63)
> Fi, = myacg,f:=F,, + F, (4.64)
Y Fi = myacg,hs=F,, + F, —mg (4.65)
S T, Duar = 22(F - Fn) + My (4.66)
Z Ty, = lLsor—g = I;, (Fig — Fu1) — M7, (4.67)
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Figure 4.5: Free Body Diagram for Leadscrew Tube
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where:

F;,=  Force at the cantilever connection in the #; direction
F,,=  Force at the cantilever connection in the i, direction
F,,=  Force at the cantilever connection in the 73 direction

M;_i= Moment at the cantilever connection about the i)l axis
M,;_;= Moment at the cantilever connection about the b, axis

~

and:

F 11by Tystty
Foy, | = [ cr/s ] Fy i
F3153 leaﬁs
F 125, F T14fia
F2252 = [ c/8 ] Fyur‘m

32b3 F, z14i3

This provides a system of 5 equations with 5 unknowns, therefore, we can solve
for the forces and moments at the cantilever connection. We note that there is no
torque about the bs axis. This is because the member is pinned at the node and the
entire active member is free to rotate about the axis. In a physical truss, there is a
torque about the by axis that is caused, on one end, by ‘the leadscrew force, and on
the other end, by a constraint in the offset joint. These torques are not included in
this model because we do not have the kinematics for the offset joints and because
the moment of inertia of member about the b; axis is very small. The cantilever
connection forces will be used in a later section on the development of the actuator

model.
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4.8 Internal Forces

As in the case of the triangular truss, we are interested in finding the internal forces
generated by both the static and dynamic loading on the truss members. The truss
members are assumed to be rigid, therefore, the internal forces must withstand the
tendency of the member to deform under static and dynamic loads. The evaluation
of the internal forces is quite similar to that of the cantilever forces in the active
members. We first “cut” the member at some point along its length, draw the FBD
for the member section, apply Newton’s laws of motion, and develop the equations
of motion for the section. There are 3 internal forces and 2 internal moments that
we are interested in finding. The forces consist of a tensile force in the bs direction
and two shear forces in the 51 and 32 directions. The 2 moments are those about

the Z)l and 32 axes.

As an example, consider the member M19 which connects nodes N7 and N9. To find
the internal forces at the midpoint of the member, we draw a FBD as in Fig. 4.6.
We are interested in the forces in the b axes since we will ultimately use the internal
forces to find stresses and strains and to check buckling loads. Summing the forces

in the b coordinates yields

> B, = “otaceuab =F = Vioe — Cl30° (4.68)
S R, = %Eaccsm?)z:fy — Voro — 0393"’21"9 (4.69)
> K= %IEGCGaeth’S':FS — Ty — C},gsnggg (4.70)
>, T;, = Iseciio-r =£12( F; — Vo_19) + My (4.71)



Weight of section
v b3 is applied to
19-1 the 3 body axes

Figure 4.6: Free Body Diagram for Internal Force Evaluation
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L19

> T, = leatos = (Fl + Vicio) — Mig—s (4.72)
where:
Flal anoﬁ;
Fy, | =[] C” || Fruona (4.73)
3b3 23073

Using the acceleration analysis described in Chapter 4.4.2 above, the acceleration

of the center of gravity of the section is found to be

ACGaectal A7n1 + M
FC’Gaectb2 = [ (ohd ] A n2 + _(M). (474)
FCGsectbS A7n3 + _(M

Once again, since we have a set of 5 equations and 5 unknowns, we can solve for the
internal forces of the section. Using these internal forées, we can then evaluate the

stresses generated in the members.

4.9 Stress Analysis

The total stress at any point in the truss members is caused by a combination of the
forces acting at that point. The forces that cause the stress are the internal forces of
axial load, shear, and bending moments. The development of the individual stresses
caused by each type of force was presented in Chapter 2.7 and will not be repeated
here. The only difference is that we now have two shear forces and two bending
moments acting in orthogonal axes. These additional forces will add terms to the

Von Mises stresses calculated at the two stress points. We will develop the Von
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Mises stresses for one member; the stresses in the other members are calculated in

the same member..

Consider the general cross section of a hollow tube member given in Fig. 4.7. The
axial load in the member is coming out of the paper, the two shear forces and the
two bending moments are acting as indicated. The are two points where the Von
Mises stress is evaluated, S; and S;. (Note: S; and S; can be on either side of the
member - on one side the bending moment will be the opposite sign of the axial load
while on the other side they will be of the same sign. We use the absolute values of
the axial and bending moment stresses to get the maximum values when developing
the von Mises stress.) At point S;, the bending stress caused by moment M1 is a
maximum and the bending stress caused by M2 is 0. Also, the shear stress caused
by V1 is a maximum and the shear stress caused by ,V2 is 0. The tensile stress is
constant over the cross section. The point S; is chosen so that the tensile stress and
the bending stress is additive (i.e., both cause tension). The Von Mises stress at

this point is then given by

OSymaz = \/(abs(aMl) + abs(or))? + 31, (4.75)

Likewise, at point S3, the bending stress caused by M1 and the shear stress caused
by V1 are both 0 while the bending stress caused by M2 and the shear stress caused

by V2 are both maximums. The Von Mises stress at this point is given as

OSymaz = \/(abs(aMz) + abs(or))? + 37, (4.76)

Since the shear stress is so small compared to the other stresses, the maximum stress
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Figure 4.7: Cross Section of Truss Member Showing Internal Forces
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occurs where the bending moment is a maximum. The internal stresses are found at
the midpoint of each of the fixed-length members and at the cantilever connection
of the leadscrew tube. The maximum stresses found during the total range of the
motion are compared to the material yield stress to determine if the member will
experience elastic failure. The members must also be checked for failure due to

column buckling.

4.10 Buckling Analysis

The buckling analysis for the members of the spatial truss is the same as that
presented in Section 2.8 for the members of the planar truss. The critical axial load,

under which the member will experience buckling failure, is given as

_ CriEA

Fo =~y

(4.77)

x|~

where:
C is a constant based on the end conditions of the member
E is the modulus of elasticity of the material
A is the cross-sectional area of the member
1 is the length of the member
k is the radius of gyration

For the fixed-length members of the truss, the ends are pinned and the end condition
constant is 1.0. For the leadscrew tubes, where there is a pinned connection at one
end and a cantilever connection at the other end, the end condition constant is also

1.0.
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4.11 Actuator Model

The actuator model used for the spatial case is the same as that developed in Section
2.9 for the planar truss. However, instead of only one actuator, we have 3 in the

spatial truss.

Each active member consists of a motor, gearhead, leadscrew, and supports. Each
active member provides a pure kinematic input to the truss, consisting of a displace-
ment, linear velocity, and linear acceleration of each of the leadscrew tubes. The
motion of these leadscrew tubes then causes the motion of the truss. By solving for
the forces at the connection of the leadscrew tube and the leadscrew, we can also
find the linear force that the leadscrew applies to the leadscrew tube. This analysis
was done in Section 4.7 above. Using the applied forces, we can calculate the torque

requirements for each of the motors.

The torque provided by each motor must be enough to overcome the armature iner-
tia and the friction force, and provide the linear force necessary to cause the specified
displacement, velocity, and acceleration at each time step. The torque requirement
for a single motor was defined in Section 2.9. The same DC voltage-controlled motor

model used for the planar truss is used for the spatial truss.

Since the motor/torque relationships are the same for both the planar and the spa-
tial trusses, the development of the actuator model will not be presented here again.
The resulting equations specifying the motor torque, voltage, and current are re-

peated below, however, the reader is referred to Section 2.9 for the development of
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the model.

The torque that must be developed by each motor to overcome the inertia of the
armature, the friction in the leadscrew, and the force applied to the leadscrew tube

(assuming the torque is acting against the load) is

- Fd, {1+ mud,seca
T = JmOm + 2 (7rdm - plseca) (4.78)
The voltage required by each motor is
ThwR, :
= 4.
Ve K, + K0, ( 79)
Finally, the current required by each motor is
Tn=1K, . (4.80)

4.12 Summary

In this chapter, we have extended the analysis of the planar, triangular truss to the
case of a three dimensional, double-octahedral truss. The same basic approach was
used for both cases, however, the increased number of components of the spatial
truss resulted in a much larger model. A kinematic analysis was performed to get
the position, velocity, and acceleration of all of the nodes in the truss. A set of
equations defining the motion of all of the members of the truss was then developed

and solved to find the forces acting on each member at each node. Using these nodal
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forces and accelerations, the maximum stresses in the members were found. Finally,

the motor parameters required to supply the specified motion were calculated.
The next step is to develop a simulation program that will implement the dynamic

model for the spatial truss. The MATLAB command language was used to develop

the simulation. The simulation and results are presented in the next chapter.
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Chapter 5

Spatial Truss Simulation and
Experimental Results

A simulation of the spatial truss model developed in Chapter 4 was implemented
using MATLAB. The simulation program allows the user to input the dimensions
of the truss members, material properties, top plane motion specifications, and sim-
ulation time. Gravity can be be applied to the truss and act either toward the base
(for a truss standing up) of the truss or toward the top plane (for a truss hanging
downward). In addition, the user can apply lumped masses or external forces to the
nodes of the truss top plane. The listing of the simulation program is provided in

Appendix C.

Two different methods were used to check the simulation program. First a static
simulation was performed using the MATLAB code. The results of the static case
were then checked against a finite-element analysis. The finite-element code used for
this analysis was MSC/PAL. To check the dynamic solution of the MATLAB sim-
ulation code, a prototype truss available at VPI&SU was instrumented with strain
gages. A slew maneuver was then performed on the truss; the resulting strains on

sample members were recorded and compared to the values predicted by the MAT-
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LAB code.

All simulations were performed using the dimensions, member properties, and active
member characteristics of the VPI&SU prototype truss. These values are presented
in Table 5.1.

Table 5.1: VPI&SU Prototype Truss Values

Fixed Triangle Member Length 0.9615 m
Cross Longeron Length 0.9144 m
Total Height of Truss 1.1218 m
Outer Diameter (all members) 0.01905 m
Inner Diameter (all members) 0.01600 m
Actuator Mass 3.0 kg.
Material Aluminum
Density 2711.5 N/m*
Motor Armature Inertia 6.76x107°Kg — m*
Motor Resistance 2 ohms
Motor Torque Constant 0.0398 A5
Motor Back-emf Constant 10.0398 m“;_s
Lead Screw Gain 2.527x10~° 2,
Coeflicient of Friction 0.1
Gearhead Gain 5.2

The simulation calculates a large number of variables. There are 117 nodal and
reaction forces as well as 5 internal forces for each member. While the calculation
of the nodal forces treats the active members as single links, the forces acting on
the leadscrew tube cantilever connection are also found during the simulation. To
reduce the number of variables presented in this section, we will only discuss the
results for three representative members, located at different locations on the truss.

The three members we will look at are: M6 - a fixed length member in the base cell,
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MS8 - a leadscrew tube in the active plane, and M19 - a fixed length member in the

‘top plane.

5.1 Static Analysis

To perform the static analysis on the spatial truss, the MATLAB simulation was run
with the active member lengths fixed. No gravity was applied to the truss, however,
external loads in the vertical direction were applied to the top plane nodes (nodes
N7, N8, and N9). The resplting reaction forces, nodal forces, and member stresses
were compared to the results from the finite-element analysis. The prototype truss
was also subjected to static loading and the strain in member M6 compared to the

simulated value.

The static analysis was performed for three different configurations of the truss; the
equilibrium position and two different slewed positions. The equilibrium position is
the point where all three active member have the same iength (1.1684 m). The first
slewed position is the orientation where member M7/8 is a maximum (1.2289 m) and
members M9/10 and M11/12 are a minimum (1.1077 m), and corresponds to the
starting point for the dynamic simulation. The second slewed position is the point
where member M7/8 is a minimum (1.1077 m) and members M9/10 and M11/12
are a maximum (1.2289 m). This position corresponds to the ending point for the -
dynamic simulation. These slewed positions were chosen because they represent the

maximum slew that the prototype truss can achieve.
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5.2 Finite Element Model

The finite-element analysis of the spatial truss was performed using MSC/PAL. The
node locations, member dimensions, and material properties were taken directly
from the MATLAB model. The members connecting each node were modelled as
truss members allowing only axial loads to be applied to the members. No gravita-
tional forces were applied to the truss model; external forces of 46.0 N were applied
to each of the top plane nodes to provide the truss loading. The base plane nodes
(N1, N2, and N3) were fixed so that no translation was allowed in any direction.
The finite-element model file and the loading file are provided in Appendix D. The
member and node identifiers for both the MATLAB and MSC/PAL models are

identical and are as shown in Fig. 4.1.

5.3 Experimental Setup

‘The VPI&SU prototype truss was used to compare the simulation results to those
found from a physical model. The VPI&SU truss is comprised of two double- octa-
hedral bays and is attached to the ceiling hanging downward. In the simulation we
are only dealing with a single double-octahedral bay, so one bay of the prototype
truss must be static. For our experiment, the bay attached to the ceiling is fixed,

and the second bay is actuated.

Several members of the first unit cell of the activated bay had strain gages that
were attached during a previous experiment (not involved with this work). The

existing gages were used to measure the strain in member M6. There were three
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gages attached to the member; each was set parallel to the longitudinal axis of the
member and was attached at the midpoint of the member. Each strain gage had a
gage factor of 2.1. The gages were offset 120 degrees from each other about the di-
ameter of the member. Three one-quarter-bridge circuits were used to measure the
change in voltage of the gages. The voltage from the bridge circuits was amplified
and then digitized using an analog-to-digital (A/D) conversion board resident in a
PC. The digitized voltage from each gage was then multiplied by a conversion factor
to convert it to microstrain and the value stored in a file. The three microstrain
values were then averaged to find the tensile strain in the member. Calibration of
each strain gage/bridge circuit was done by placing a known resistor (representing
a known strain value) across the active leg of the bridge and recording the indicated

strain.

5.4 Static Analysis Results

To check the results of the MATLAB simulation and the finite-element analysis for
the static case, the reaction forces at the base nodes, the loads in the members, and
the maximum von Mises stresses in the members were compared. The two models
provided identical results for static loading. These results are presented in Table 5.2,
Table 5.3, and Table 5.4. The tables provides only a small subset of the results. All
member’s results were compared and provided the same accuracy as that shown in

the table.

The good comparison between the MATLAB model and the finite-element model
provides confidence that the MATLAB model is correct for the static case. All other
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Table 5.2: Comparison of MATLAB and MSC/PAL Static Results-Equilibrium Po-

sition

| VALUES MATLAB | MSC/PAL |
Force Applied to Nodes N7, N8, and N9 | 46.0 N 46.0 N
Base Reaction at Node N1 - 7;- Dir -25.1882 N -25.19 N
Base Reaction at Node N1 - 7i,- Dir -14.5430 N -1454 N
Base Reaction at Node N1 - nz- Dir -44.4980 N -44.5 N

Axial Load in Member M6

35.2648 N (Tens.)

35.27 N (Tens.)

Axial Load in Member M19

16.7923 N (Comp.)

16.79 N (Comp.)

von Mises Stress in Member M6

3.9077 x10°%;

3.908 x10° 55

von Mises Stress in Member M19

1.8608 x10°%

1.861 x10°L;

Table 5.3: Comparison of MATLAB and MSC/PAL Static Results-First Slewed

Position

| VALUES 1 MATLAB j MSC/PAL j
Force Applied to Nodes N7, N8, and N9 | 46.0 N 46.0 N
Base Reaction at Node N1 - ;- Dir -31.5663 N 3157 N
Base Reaction at Node N1 - 1i5- Dir -11.0051 N -11.00 N
Base Reaction at Node N1 - #is- Dir -50.1415 N -50.15 N

Axial Load in Member M6

41.0997 N (Tens.)

41.10 N (Tens.)

Axial Load in Member M19

24.6389 N (Comp.)

24.64 N (Comp.)

von Mises Stress in Member M6

45543 x10°;

4.554 x10°2;

von Mises Stress in Member M19

2.7302 x10°L;

2731 X10°25 _
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Table 5.4: Comparison of MATLAB and MSC/PAL Static Results-Second Slewed
Position :

L VALUES | MATLAB | MSC/PAL |
Force Applied to Nodes N7, N8, and N9 | 46.0 N 46.0 N
Base Reaction at Node N1 - 71;- Dir -19.6748 N -19.68 N
Base Reaction at Node N1 - 7i5- Dir -18.0142 N -1801 N
Base Reaction at Node N1 - fi3- Dir -38.9220 N -38.92 N
Axial Load in Member M6 31.3596 N (Tens.) | 31.36 N (Tens.)
Axial Load in Member M19 9.4169 N (Comp.) | 9.419 N (Comp.)
von Mises Stress in Member M6 3.4750 xlO"’% 3.475 x10° 2
von Mises Stress in Member M19 1.0435 x105,—f§ 1.044 xlﬂsz‘%

member forces and von Mises stresses compared with the same precision as those

listed in the tables.

The MATLAB simulation of the static case was also c}hecked by comparing the cal-
culated tensile strain in member M6 with the actual strain under a given load. The
comparison with the prototype truss was performed for the same three configura-
tions listed above. At each position, the strain gages on ﬁember M6 were set to zero
with no external load applied. A known 46.0 N load was then applied to nodes N7,
N8, and N9 and the resulting change in strain measured. Due to a large noise level
and the small changes in strain, the procedure was repeated three times at each
point and the resulting strains are the average of the measurements. The measured
strain was then compared to the strain calculated by the MATLAB simulation. The

results of this comparison is presented in Table 5.5.

The table shows good correlation between the simulation and the experimental

strains. Possible sources of the error are discussed in Section 5.5.1.
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Table 5.5: Comparison of MATLAB and Experimental Static Strain Results

PERCENT
VALUES MATLAB MEASURED ERROR

Applied Force 46.0 N 46.0 N
Equilibrium Position
Strain in Member M6 | 5.8631 pe (Tens.) | 5.9468 ue (Tens.) | -1.41%
Slew Position 1

Strain in Member M6 | 5.2094 pe (Tens.) | 5.1829 pe (Tens.) 0.5%
Slew Position 2

Strain in Member M6 | 6.8197 pe (Tens.) | 7.1210 ue (Tens.) -4.23%

After the static analysis was complete, the dynamic analysis was performed. In this,
the results of the dynamic simulation were checked against the dynamic strains mea-

sured on the prototype truss.

5.5 Dynamic Analysis

Once the static simulation was performed and resulted in good comparisons, two
dynamic simulations was performed. The objective of the dynamic simulations was
to move the truss through some motion, measure the strain in a member, and com-
pare that to the strain predicted by the simulation program. The active members of
the prototype truss have a limited range of motion of +/- .0606 m from the equilib-
rium position. This limits the range of angles that we can rotate through to +/- 10
degrees. In addition, the gearhead and leadscrew gains are fixed, as are the motor

parameters. These values do not allow for a fast motion which would generate large

inertial loads.
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Two different slewing experiments were performed and compared to the MATLAB
simulation. The first experiment (referred to as Slewing Experiment 1) provided
larger acceleration spikes and constant velocity during the maneuver. In the second
experiment (referred to as Slewing Experiment 2), a sinusoidal voltage profile was
input to the active member motors. The experiments and their results are presented

below.

5.5.1 Slewing Experiment 1

The first dynamic analysis consisted of moving the truss from the slewed position
of -10 degrees about the 7, axis to the slewed position of +10 degrees about the 7,
axis. The was no rotation about the 7 axis. Constant external loads of 46.0 N,
in the vertical direction, were applied to nodes N7, N8, and N9 during the motion.
The active member lengths, linear velocities, and linear accelerations were saved in
a file and used as inputs into the MATLAB simulation. The members were each
subjected to virtually a constant velocity profile. There was a large acceleration
spike at the beginning and the end of the motion with very little acceleration during
the majority of the motion. This provided the maximum displacement of the active
members and the maximum velocity. The motor amplifier was saturated during
this maneuver. The measured position, velocity, and acceleration profile of member

M7/8 are presented in Fig. 5.1, Fig. 5.2, and Fig. 5.3.
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Figure 5.1: Displacement of Member M7/8 during Slewing Experiment 1
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Figure 5.2: Velocity of Member M7/8 during Slewing Experiment 1
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Figure 5.3: Acceleration of Member M7/8 during Slewing Experimentl
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5.5.2 Slewing Experiment 2

The second slewing experiment involved moving the truss from an initial slewed
position of -8 degrees about the 7; axis to the slewed position of +8 degrees about
the 7, axis. In contrast to the first slewing experiment where the truss moved from
one slewed position to another and then stopped, in the second slewing experiment
the truss continuously moves from one position to the other until the motor voltage
is cut. The voltage input to the motor was specified to be sinusoidal; this resulted
in a cyclical velocity and acceleration profile of the active members. In addition, the
input voltage level was selected so that the motor amplifier would not be saturated
during the maneuver. As in the first slewing experiment, constant external vertical
loads of 46.0 N were applied to nodes N7, N8, and N9, and the measured active
member lengths, velocities, and accelerations were used as inputs to the MATLAB
simulation. The measured position, velocity, and acceleration profile of member

M7/8 are presented in Fig. 5.4, Fig. 5.5, and Fig. 5.6.

5.6 Comparison of Experimental and Simulated
Results

For both experiments, the strain in member M6 was recorded throughout the mo-
tion to be compared to the strain calculated in the MATLAB simulation. Since the
attached strain gages can only measure a change in strain, it was necessary to define
a zero strain position. The zero strain position was chosen to be the equilibrium
position with no external loads applied. The truss was first put at this position and
the strain gage balance set to zero. The external forces of 46.0 N were then applied

to nodes N7, N8, and N9 and the truss moved to the maneuver starting position (a
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Figure 5.4: Displacement of Member M7/8 during Slewing Experiment 2
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Figure 5.5: Velocity of Member M7/8 during Slewing Experiment 2
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-10 degree slew). At this point the strain recorder was turned on and the motion
of the truss commenced. The first slewing experiment required approximately 5.5
seconds to complete; the second slewing experiment required approximately 10 sec-
onds. For the first slewing experiment, the strains were recorded for a short period
of time both before and after the motion to get a static baseline. The second slew-
ing experiment consisted of a continuous motion of the truss — only one cycle of the
motion is presented below. In both experiments, the recorded strain includes the
effects of the applied loads and gravitational forces caused by motion away from the

zero position.

After each physical maneuver was complete, the measured link histories were used
as inputs to the MATLAB simulations. The simulations calculated the total ten-
sile strain that the gages attached to member M6 should measure, including both
gravitational and applied load effects. Therefore, it was necessary to modify the
simulation results to have the same zero strain position as the experimental data.
In each case, the simulation was first performed with both gravity and the external
loads applied to the truss and the strain history for member M6 calculated. Next,
the same simulation was performed neglecting the effects of gravity. The change in
strain between the first simulation (with gravity) and the second simulation (with-
out gravity) was then calculated. This was the strain due to gravity on the structure
throughout the motion. Since the strain gages were set to zero at the equilibrium
position under gravitational load, the equilibrium gravity strain was subtracted from
the total gravitational strain history. The resulting values were the change in the
gravitational strain of the member caused by the motion away from the equilibrium

position. This strain curve was then added to the strain calculated by the simula-

118



tion in which gravity was not included. The final result is the change in strain of
the member due to both the gravitational effects and the applied loads. This strain

value was then compared with that found during the experiments.

5.6.1 Slewing Experiment 1

The results of the experimental and simulated strain for slewing experiment 1 are
presented in Fig. 5.7. The strain gages used in the analysis were very noisy and
tended to drift because the gage setup did not include temperature compensation.
To compensate for the noise and the drift, the maneuver was performed three times.
The strain from the three maneuvers was averaged to get the strain curve shown
in the Fig. 5.7. During the maneuver, 110 data points were taken. The time step
between each data point was At = 0.0590 sec. During the 0.059 sec. time step,
100 strain values were read from each gage and averaged to get the strain reading
for the time step. The three strain readings for the time step were then averaged

together to find the tensile strain in the member at that time step.

The simulated strain is higher than the experimental value for the entire curve. At
the beginning of the motion, the error is approximately 13 percent. At the end
of the motion, the error has decreased to within 5 percent. The two curves seem
to be offset by some constant value. It is possible that the experimental strain is
lower than it should be. We can check the strain in both the simulation and the
experiment at the equilibrium position. This is the point where the static gravity
effect was zeroed out of the experimental strain. When we performed the static

strain experiment at the equilibrium position, we found the static strain in member
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M6 to be 5.9468 pe. Since the acceleration at this point is almost zero, the dynamic
experiment should produce approximately the same value of strain when the truss
moves through the equilibrium position (approximately 2.8 seconds). At this point,
however, the measured strain is approximately 5.5 pe. The simulated dynamic strain

is within 1 percent of the simulated static strain at the equilibrium position.

5.6.2 Slewing Experiment 2

The results of the experimental and simulated strain for slewing experiment 2 are
presented in Fig. 5.8. As with the first experiment, the experiment was performed
three times and the measured strain from each experiment was averaged to get the
curve shown in the figure. The figure shows one cycle of the maneuver; during the
cycle 80 data points were taken with a time step of At = 0.121 sec. During each
0.121 sec. time step, 100 strain readings were taken and averaged to get the strain

value for the time step.

The simulated strain compares well with the measured strain except for a constant
offset of approximately 0.5 pe. This offset results in an error of 9 percent. Except for
the offset, the curves of the measured and simulated strain overlay each other. The
good agreement provides us with confidence that the dynamic model of the truss is
accurate. A discussion of the error between the measured and simulated strains is

presented below.
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5.6.3 Error Analysis

There are several ways in which errors can be introduced into the analysis. A major
assumption made in the development of the force model was that the truss was
an ideal one. The actual truss used for the experiment, however, is not ideal. The
members are not connected with ideal pinned connections; moments are transmitted
through the joints to the members. This will cause unmodelled forces to be applied
to the member. Another source of error is in the development of the physical model’s
dimensions. All physical parameters of the prototype truss (member lengths, outer
diameters, applied loads) that could be measured were measured. However, several
important parameters could not be found directly and were estimated. The esti-
mated values include the inner diameter of the members, density of the material,
and the mass of the actuator (including motor, gearhead, leadscrew, support hous-
ing, etc.). The strain simulation is very sensitive to changes in member properties
and dimensions. In addition, the kinematics are very sensitive to variations in the
lengths of the members. The kinematics requires the positions of the ideal mem-
ber connecting points, however, since the prototype truss uses offset joints, it was
necessary to estimate the ideal connection point, and thus the lengths of the ideal
members. As a final topic on the error between the experiment and the simulation,
the strain gages were very noisy and tended to drift throughout the experiment.
One of the reasons the strain gages were so noisy is that the levels of strain being
measured were very low (maximum 7.9u€). Every effort was made to zero the gages
before running a maneuver and to average out the drifting and noise, however, there

could be some error in the measured values.

Although there is a constant offset between the simulated and the experimental
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strain curves, they do provide good correlation. To perform a more accurate com-

parison, it would be necessary to know the exact values of the truss properties and

to use a better strain gage setup.

5.7 Simulation Results

All simulation results presented below were developed using the MATLAB simula-
tion with both gravitational forces and external forces applied to the model. The
values are absolute, i.e., they represent the total forces and stresses caused by gravity,
the applied external loads, and the inertial loads. The link displacements, velocities,

and accelerations were taken from the measured data for slewing experiment 1.

The maximum von Mises stresses occurring throughouj: the motion in members M6,
M8, and M19 are presented in Fig. 5.9, Fig. 5.10, and Fig. 5.11. The maximum
stress in members M6 and M19 occur at the midpoint of the member, while the
maximum stress in member M8 occurs at the ca,ntilevér connection with the lead-
screw. The maximum stress in member M6 is 1.294 xlOs%. For member M8, the
maximum stress is 3.57 x107%. The maximum stress in M19 is 1.66 xlOG%. For
members M6 and M19, the maximum stress occurs at the end of the motion. The
maximum stress in the leadscrew tube occurs at the beginning of the motion. The
static stress is also shown for each of the members. As noted above, the motion is
so slow that the stress occurring in the members during the motion is almost the
same as the static stress. The maximum stresses for each member are due to the

truss orientation rather than its motion.
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Figure 5.9: Maximum von Mises Stress in Member M6
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Figure 5.10: Maximum von Mises Stress in Member M8
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Figure 5.11: Maximum von Mises Stress in Member M19
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The von Mises stress in each member is computed from the tensile stress, shear
stresses, and bending moment stresses. Figure 5.12 shows the stresses in member
M6 caused by the tensile load and the bending moments. The shear forces are neg-

ligible and are not shown in the figure.

In an ideal truss, with no member weight effects, the static truss member carries only
axial loads and so any shear stresses or bending moment stresses will be caused only
by the motion. However, when gravitational effects are included, the member has
internal shear and bending moments that resist the weight of the member. This is in
addition to the stresses caused by the motion. For the simulation being considered
here, both weight effects and motion effects cause internal loads in the members.
Since the motion is quite slow, the main cause of these internal loads is the weight
of the member and the applied loads. As seen in Fig. 5.12, the largest portion of
the stress in member M6 is caused by the tensile force. The maximum tensile stress
is 8.4 xlOs—gg. The bending moment stress in the b, direction is the next largest
contributor, with a maximum value of 4.5 x105;n1y§-. The bending moment stress in
the 31 direction has a maximum value of 3.95 x 105%. The maximum shear stress is
in the b, direction and has a value of 230.8 % In this simulation, the shear stresses
are insignificant compared to the tensile and bending moment stresses. The shear

stresses in the physical truss could be higher due to the non-ideal connections.

The force applied by the actuator onto the leadscrew tube depends on both the
acceleration of the leadscrew tube and the orientation of the truss. The actuator
force is required to provide the motion to the truss and is also required to provide

the support force to keep the truss from collapsing inward. The force exerted by the
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Figure 5.12: Components of Stress in Member M6
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actuator on member M8 throughout the motion is presented in Fig. 5.13. The neg-
ative sign of the actuator force indicates that the leadscrew tube is in compression
during the entire maneuver. The maximum compressive load is 74.5 N occurring at
the beginning of the motion. The minimum compressive load is 29.5 N and occurs
at the end of the motion. The compressive load is decreasing throughout the mo-
tion. In the first slewed position, member M8 is acting to keep nodes N4 and N5
apart since the static load is trying to drive them together. As the truss moves to
the second slewed position, its orientation results in less force trying to drive nodes
N7 and N8 together. Therefore, the compressive force decreases. If the truss could
move farther along the same trajectory past the second slewed position, it would
reach a point where member M8 changes over to tensile loading. At this point, the
actuator force would become positive.

Once the force exerted on the leadscrew tube and the linear velocity of the actu-
ator are known, we can use these values to back out the motor torque, voltage,
and current histories required throughout the motion. We will present these values
including leadscrew friction and neglecting it. The motor torque for member M7 is
presented in Fig. 5.14. Since the actuator is providing a compressive force to prevent
motion, as the actuator shortens, it is working with the load. At the end of the mo-
tion, and during the the static portion of the maneuver, the actuator works against
the load. Since the force required by the actuator decreases during the motion, the
torque also decreases. The torque required by the motor is much higher when the

friction effects are included.

The current in the motor is directly related to the torque by the torque constant.

130



Actuator Force (N)

——  Dynamic Stress
----- Static Stress

2 3 4 5 6

Time (sec.)

Figure 5.13: Actuator Force on Member M8
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Figure 5.14: Motor Torque for Member M7
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Once the torque produced by the motor is known, it is simple to calculate the cur-

rent in the motor. The simulated current of the motor in member M7 is shown in

Fig. 5.15.

The voltage for the motor is presented in Fig. 5.16. Once the motion begins, the
voltage reaches a maximum value of 29 volts. The voltage required for the case
of neglecting friction is a maximum of approximately 27 volts. The voltage model
which includes friction is suspect since the maximum input voltage to the motor is
25 volts. One possible reason for the curve which includes friction being so large
is that the coefficient of friction (0.1) is incorrect. In Section 2.8, we discussed the
difficulty of finding a “good” value for friction coefficient. The voltage curve which
includes friction has an offset before and after the motion occurs. This offset is
approximately 3.8 V before the motion starts and 2.4 V after the motion ends. This
voltage is due to the force on the leadscrew tube requir;:d to keep the active member
constant length under a static structural load. In the actual truss, the self-locking
characteristic of the leadscrew would provide the static force and the voltage re-
quirement would be zero. Before motion of the truss starts, however, this static

load must be overcome by the motor torque.

5.8 Buckling Analysis

The criteria for failure from buckling is that the applied compressive load be more
than the allowable load. Since the prototype truss is hanging from the ceiling and
the applied forces are acting downward, the only members that have a compressive

load are member M8 and members M19, M20, and M21. The maximum compressive
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Figure 5.15: Motor Current for Member M7
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Figure 5.16: Motor Voltage for Member M7
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load in M8 is 74.63 N. The maximum allowable load is 35258.0 N. Therefore, for
the experimental maneuver, the member is not in danger of failure from buckling.
The maximum allowable compressive load for the members of the top plane (M19,
M20, and M21) is 3055.2 N. The maximum compressive loads are: M19 - 27.2
N, M20 - 22.6 N, and M21 - 22.7 N. The allowable load is so much higher for
the leadscrew tube (M8) because it is much shorter (.254 m) than the fixed length
members (.9615 m).

5.9 Summary

In this chapter, we have presented the simulation of the double-octahedral truss.
The static forces calculated by the simulation compared with high accuracy (maxi-
mum error —4.23%) to those predicted by the finite-element model. The simulated
forces were also compared to actual forces in a physical truss by comparing static and
dynamic strains in member M6 during two different slewing experiments. The sim-
ulated strains had a maximum error of 15 percent from the actual dynamic strains
in the first slewing experiment and a maximum error of ‘9 percent during the second
slewing experiment. We discussed the possible sources of error in the model that
could account for this difference. A small offset in the experimental values caused
by strain gage drifting is a feasible explanation for the difference. We concluded by
presenting results of the simulation program for different members of the truss and

for one of the actuator motors.

The simulation presented in this chapter looked at only a single bay, double-
octahedral truss. The analysis can be extended with minimal modification to take

care of a chain of several double-octahedral bays. A discussion of the extension is
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presented in Chapter 6.
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Chapter 6

Analysis of Multiple Bay Trusses

The analysis developed in Chapter 4 for the spatial truss considered only a single
bay. In some instances, however, a spatial truss may be composed of many double-
octahedral bays connected together to form a chain. It is desirable to extend the
kinematic and force analysis to deal with a multiple bay truss. Each bay can be
analyzed separately using the model developed in Chz'),pter 4. The kinematic anal-
ysis, however, must be modified to account for the multiple bays. In addition, the
reaction forces at the base plane of a bay must be passed on to the next bay in the
chain. The kinematic analysis will be developed first ‘;a.nd then the application of

the force analysis will discussed.

6.1 Kinematic Analysis of Multiple Bay Trusses

The kinematic analysis developed by Warrington is valid only for a single bay truss.
All nodal positions, velocities, and accelerations are calculated relative to the base
plane, which is fixed in space. This is necessary since we must have absolute, New-
tonian values to develop the force relationships. However, for multiple bay trusses,
only the base plane of the first bay is fixed. The base plane for all subsequent bays

is moving in Newtonian space. Therefore, we must develop a method for finding
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the Newtonian position, velocity, and acceleration of the nodes of subsequent bays.

This method is outlined below.

To perform the kinematic analysis for the multiple bay truss, we use Warrington’s
kinernaiic analysis for a single bay. The motion that we are specifying is the motion
of the top plane in Newtonian coordinates. For an n-bay truss, we break up the
motion into n parts. For example, if we want a rotation of the top plane of a 3 bay
truss to be 30 degrees about the 7; axis and 30 degrees about the i, axis, we will
perform Warrington’s kinematic analysis for a 10 degree, 10 degree rotation on a
single bay. The results of the kinematic analysis will provide the position, velocity,
and acceleration of the nodes of each bay relative to the corresponding base plane.
For the first bay, which is connected to ground, the values will be the Newtonian
values. The kinematic analysis also provides the location, orientation, velocity, and
acceleration of the top plane. The top plane of the first bay becomes the base plane
of the second bay; the top plane of the second bay the base plane of the third bay,
and so on up to the n** bay. We will find the positioﬁ, velocity, and acceleration
of the multiple bays by working from the first bay sequentially up to the final bay.
For each bay, we will have a bay-fixed coordinate system, identified as b where the
i represents the number of the bay away from the first bay. The first bay is fixed
to ground; therefore b1 is the Newtonian coordinate system. The n** bay will have
the bn coordinate system. We will first show how to find the location of all of the

nodes in each bay.
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6.1.1 Position Analysis

The transformations for the nodes of the base plane of the second bay are simple,
since those nodes are at the same location in space as the nodes of the top plane of
the first bay. To find the location of the other 6 nodes, we describe a vector from
the origin of the fixed base plane of the first bay to each node of the second bay.
The Newtonian coordinate system is fixed at the centroid of the base of the first
bay. A second coordinate system, b2, is attached to the centroid of the base plane

of the second bay. The vector for the i** node of the second bay is defined as

Pig = Pbaaeg + [Cble]H/base (6-1)
where:
P,= the location of the ¢** node of the second bay in
Newtonian coordinates .
Pyyse,=  the vector from the origin of the Newtonian axes to the

origin of the b2 coordinate system
[C**/N]= the rotation matrix relating the 42 coordinate system
to the Newtonian axes
Fijpase=  the vector locating the it* node in the 52 coordinate system

The vector Pjjpese is the x,y,z position of the node that we get from Warrington’s
analysis. The vector Py, is found from the kinematic analysis for the first bay, and

is defined as

N7, + N8; + N9,

Pase=
b 3

(6.2)

where:
NT7,,N8;,N9;= vectors containing the locations of the top
plane nodes of the first bay
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The rotation matrix, [C**/V], is also provided by Warrington’s kinematic analysis.
The values provided by Warrington’s kinematic analysis are all given with respect

to the base plane. Therefore, they will be the same for each bay in the chain.

To find the location of the nodes in the nt* bay, we use a modified version of equation

6.1 above. This equation is

IDin = Pbasen + [Cbn/N]Pi/baae (63)

The Pjjyos. value will be the same for the same node of each bay, however, the
rotation matrix and the location of the Ppy,,e, will be different. The rotation matrix,
[Ctr/N], is the produét of the rotation matrices of all of the previous bays. It is

calculated as

[Cbn/N] — [CbZ/N] [Cb3/b2]."[Cbn-llbn—l’l[cbn/bn—l] (64)

The rotation matrices are identical for each bay since the motion of each bay is
identical with respect to its base plane. Therefore, the rotation matrix can also be

written as

[Cbn/N] = [Cbz/N]n—l (6.5)

The vector position of Py, is the origin of the n** coordinate system, bn, and is

defined as
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 NTpo1 +N8im1 + N9yy
Pbaaen = 3

(6.6)

where:
NT,-1,N8,_1,N9,_1= vectors containing the Newtonian locations of

the top plane nodes of the n-1 bay
Using these values, we can calculate all of the nodal positions for each of the bays.
We must start at the first bay and work up to the last bay. Once we have found the

position of the nodes of all of the bays in the truss, we next have to calculate their

velocities.

6.1.2 Velocity Analysis

The nodal velocities that are calculated by Warrington’s analysis are based on the
base plane being fixed. For the first bay in the chain, this is true. However, for the
rest of the bays, this is not true. Therefore, we must find a means of transforming
the relative velocities provided by Warrington’s analysis into Newtonian velocities.
We use the 3-part velocity formula for finding the velocity of a point in a moving
coordinate system. This is done in a manner similar to the position analysis. The

velocity of the i** node of the n** bay is calculated as

V;'n = %asen + ‘/i/baae + {wbn/N} X Pi/base[]-l] (67)
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where:

Vi.= the velocity of node 7 of the n* bay in
Newtonian coordinates
Viasen,= the velocity of the origin of the n** coordinate system
in Newtonian coordinates
Vifbase= the velocity of the node with respect to the bn coordinate

system(in bay-fixed coordinates)
{wbn /N}= the angular velocity vector of the bn coordinate
system with respect to the Newtonian axes
P;jpase= the position vector locating the node in bay-fixed
coordinates

It is necessary that all of the components of the velocity equation be described in the
same coordinate system. It is convenient to use the Newtonian coordinates system
since we eventually will have to express the total velocity in Newtonian coordinates.
To do this, we have to transform both Vjjsase and Pjjpase by premultiplying them
by the rotation matrix, [C**/V]. The transformation matrix for each bay has been

calculated during the position analysis.

To find Vjgse,, we must have already performed the velocity analysis for the n — 1

bay. The results of the n — 1 bay analysis are then used to find Vj,se, as

V7n—-1 + V8n—1 + Vgn—l
3

Vi)aaen = (68)

where the nodal velocities are expressed in Newtonian coordinates.

We next need to calculate the angular velocity, {wbn/N}. The angular velocity of
the top plane of a bay with respect to its base plane is provided by Warrington’s
kinematic analysis. To find the angular velocity of the nt* coordinate system with

respect to the Newtonian system, we simply add the angular velocities for each bay,
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ie.,

{wonsn } = {wian } + {wiap2} + o + {Wnc1pin-2} + {Wonjna}  (6.9)

where:

{(.Ubg /N}= the angular velocity of the b2 coordinate system
with respect to the Newtonian system

{wb3 /b2}= the angular velocity of the b3 coordinate system
with respect to the b2 coordinate system

{wbn_l /bn_2}= the angular velocity of the bn — 1 coordinate system
with respect to the bn — 2 system

{wbn /bn_1}= the angular velocity of the bn coordinate system
with respect to the bn — 1 system

Once again, all of the angular velocities must be expressed in the same coordinate
system; it is easiest to use the Newtonian system. Therefore, all of the angular ve-
locity vectors must be premultiplied by a rotation matrix. The rotation matrix must
be the one that transforms the coordinates of the particular angular velocity back
to Newtonian coordinates. Thus to find the Newtonian description of {wbn/bn_l},

we must premultiply by [C*™/V].

As an example, consider finding the velocity of the 5** node of the 2™ bay. The

velocity equation becomes

VT + V8 + V9
- 3

Vi, + [C*N Vi jhase + {wrayn } % [C*N|Pippase (6.10)

Once we have the velocity of each of the nodes in each bay, we next have to find

their acceleration.
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6.1.3 Acceleration Analysis

The acceleration analysis is similar to the velocity analysis except that we now have
to use the 5-part acceleration formula [11] to find the acceleration of a point that
is accelerating in an accelerating coordinate system. We still have to take care to
use the same coordinate systems when adding components or taking cross products.

The 5-part acceleration formula can be written for the i** node in the n®* bay as

Ain = Abasen +Ai/base+{abn/N} X Pi/base+{wbn/N} X ({wbn/N} X -Pi/base)+2wbn/N X ‘/i/base

(6.11)
where:

A= the acceleration of the it* node

Abase,= the acceleration of the origin of the coordinate system
attached to the n** bay

Aifpase= the acceleration of the ** node with respect to the bay fixed
coordinate system '

{abn /N}= the angular acceleration of the coordinate system
attached to the n? bay

{wbn/N}z the angular velocity of the coordinate system
attached to the n** bay

Pijpase= the location of the ¢** node with respect to the bay fixed
coordinate system

Vifbase= the velocity of the i** node with respect to the bay fixed

coordinate system

All of the values in the above equation must be expressed in Newtonian coordinates.
The rotation matrix relating the bay fixed coordinate system to the Newtonian co-
ordinate system is provided in equation 6.4 for n bays. The method for finding
the Newtonian coordinates for P;/ase, {wbn/N}, and Vjp.,. Were also presented in
Section 6.1.2. The only new values we must calculate are the acceleration terms,

Ajifbase and Aygse, and the angular acceleration, {abn /N}‘
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We will use the same approach for finding the accelerations as we did to find the
velocities. The acceleration of the node with respect to the bay fixed coordinate
system (Ai/pase) is provided by Warrington’s kinematic analysis. To use it in the
above equation, we only have to transform the vector into the Newtonian values.
We use the rotation matrix relating the rotation of the body fixed coordinate system

to the Newtonian coordinate system to get

Ai/baae = [Cbn/N]Ai/basc = [Cbz/N]n_lAi/baae (6.12)

We must solve the acceleration problem for each of the previous bays to find the
Newtonian acceleration of the origin of the coordinate system, Ap;se. As with the

velocity of the origin, the acceleration is given as

ATpn1 + A8y + A9,
3 :

Abase = (6.13)

where:
ATy, A8,-1,A9,_1= vectors containing the Newtonian accelerations
(in the fi;, 75, and 73 directions) of the top
plane nodes of the n — 1 bay

Calculation of the angular accelerations is similar to that of the angular velocities.
The angular acceleration of the coordinate system attached to the n** bay is the _
same as the angular acceleration of the top plane of the n — 1 bay. The angular
acceleration of the top plane of any bay with respect to its base plane is provided
by Warrington’s kinematic analysis. The angular acceleration of the n* coordinate

system is the sum of all of the previous bays, calculated as
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{an/N} = {abmv} + {a’bz/bl} +...+ {Cl'n_lln_z} + {an/n_l} (6.14)

Once again, it is necessary that each of the angular accelerations be expressed in the
same coordinate system. Knowing these values, we can then calculate the Newtonian
accelerations of the node points. These accelerations will be used to calculate the

forces in each of the bays.

6.2 Force Analysis

Once we have the Newtonian position, velocity, and acceleration of each of the nodes
of each bay, we can use the information to perform the force analysis of the members
in each bay. We perform the force analysis in the opposite order that we performed
the kinematic analysis, that is we start at the nt* bay and work backwards to the

base.

The model developed in Chapter 4 for a single bay neéds very little modification
to be used for the multiple bay case. The method for performing the force analysis
is as follows. We first look at the top bay in the truss. Since we know all of the
accelerations, we can find all of the nodal forces. The only difference is that the base
nodes (nodes N1, N2, and N3) are no longer fixed but have some velocity and ac-
celeration. The model developed in Chapter 4 allows for motion of the base nodes;
they are set to 0 for the single bay case where they are fixed to ground. In this
analysis, they are no longer fixed but have some motion that was calculated above.

The complete force analysis for the n* bay is then performed using the simulation

presented in Chapter 5.
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Besides solving for the nodal forces, the force analysis will also provide the reaction
forces at the base nodes (in the Newtonian coordinates). The resulting reaction
forces of the n** bay must be input as applied forces at the top plane nodes of the
n — 1 bay. The N1 node of the n** bay corresponds with the N7 node of the n — 1
bay; N2 of bay n corresponds with N9 of bay n — 1; and N3 of bay n corresponds
with N8 of bay n — 1. As the analysis for each bay is completed, the reaction forces
are then applied to the next bay down the chain. When the bottom bay of the
chain is reached, the reaction forces are the forces exerted by the entire truss on the

ground.

There are no other modifications necessary to the force analysis rather than feeding

the reaction forces down the chain of bays.

6.3 Summary

In this chapter we have shown how the kinematics and force analysis model devel-
oped for a single bay truss can be extended to multiple bay trusses. This extension
was not implemented in a simulation, however. The simulation routine developed

for the single bay case was not modified to deal with the multiple bay case.
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Chapter 7

Conclusions and
Recommendations

7.1 Conclusions

The objective of this thesis was to find a method of analyzing the forces generated
within an adaptive truss during some motion. A triangular truss was first analyzed
since its geometry and kinematics are much less complex than three dimensional
truss. The triangular truss was modelled and a simulation program was developed
which predicted the internal forces in the truss members caused by both static and
inertial loading. The static forces calculated by the simulation program compared
exactly with the results of a finite-element analysis of the triangular truss. No ex-

perimental comparison was done for the triangular truss.

Using the insight gained from the triangular truss analysis, a three-dimensional truss
consisting of a single double-octahedral bay was modelled. The equations of motion
were set up for the truss and a simulation program was developed that completely
analyzed the internal forces generated in the truss. The simulation calculates both

static forces and dynamic forces. The static results were checked against the results
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of a finite-element analysis and also with experiments on a prototype truss. The
static forces matched exactly with the finite-element model. A maximum of 4.3
percent error was found when comparing the static simulation results to a static
experiment using the prototype truss. Two dynamic simulations were then com-
pared to dynamic experiments using the truss. In this case, there was a constant
offset error between the experimental and simulated results for both experiments.
One possible cause for the error is drifting in the strain gages during the experi-
ment. Except for the constant offset, the simulated strains compare very well with
the measured strains. The good comparison between the measured and simulated

strains provides confidence that the model is accurate.

Once the model was developed for a single double-octahedral bay, the kinematic and
force analysis process was extended to support a chain of n double-octahedral bays.
The kinematics must be done from the fixed base to the end bay, while the force
analysis must be started at the end bay and completed at the fixed base. It was
shown that the kinematics solution developed by Warfington (25) can be used to
find the position, velocity, and acceleration of each of the nodes in each bay in the
chain in bay-fixed coordinates. A transformation between the bay-fixed coordinate
system and the Newtonian reference coordinate system was defined and allows the
accelerations to be presented in the Newtonian coordinates. The base reactions of
each bay in the chain are passed on to the next bay as external loads applied at the
top plane nodes. Little modification of the simulation program is required to sup-
port the chain truss analysis. Once the the existing, single-bay simulation program
is modified to include the multiple bay effects, the forces generated in each member

of the entire n-bay truss can calculated. The method was presented, however, it was
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not implemented in a simulation.

One of the main motivations for the work presented in this thesis is the need to
design adaptive trusses to be as light-weight as possible. To do this it is necessary
to know the maximum loads (both static and dynamic) that each member will be
subjected to. The force analysis presented in this thesis can be used as the basis
for an adaptive truss design code. Based on design specifications such as type of
motion, time of motion, and loads carried, the force analysis can be used to find the
member dimensions required so that the truss members will not fail. The calculated
motor parameters can be used to size the motors and select gearhead/leadscrew

combinations that will provide the specified motion.

7.2 Recommendations

There are numerous areas for future research. The most important area is to further
verify the results of the model. A new experimental truss should be built to provide
higher speeds and thus induce larger inertial loads in the members. All members
of the truss should be instrumented with strain gages set up so that the principle
strains can be found. Experiments to correlate all internal forces (including bending

moments and shear stresses) with those predicted by the model should be performed.

Another area for future work is to develop a more realistic model of the truss. This
model should take into account the offsets in the truss joints and the non-ideal
connections of the members. The more realistic model might alleviate some of the

differences between the simulated and experimental strains.
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A detailed modification of the simulation program to predict the loads occurring in
a chain truss should be performed. It would also be beneficial if the experimental

truss recommended above was capable of having multiple bays added to it.
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Appendix A

Triangular Simulation Code

R

% PROGRAM: TRIAGSIM.M

[}

h

% This program calculates the time response of a triangular
h truss with one active link

4

% a /\

[/ X \ b

% lpos /_ _ \

h d

Ymmm e m e mmmmmmmmmmm—m—mmm———————————————————————————
% Read in input data

%#14=input (’Enter the base length: ’);

%#12=input (’Enter length of actuated bar (w/o actuator): ’);
%lstart=input (’Enter starting actuator length: °);
%lend=input (’Enter final actuator length: ’);
#li=input(’Enter length of unactuated bar: ’);
Ymassi=input(’Enter mass of unactuated bar: ’);

“tt=input (’Enter total time of motion: ’);

%dt=input (’Enter time step: ’);

%numsteps=tt/dt;

11=2.0; % Length of unactuated bar (m)

12=2.0; % Length of lead screw tube (m)
13min=.5; % Minimum length of active base (m)
13max=2.1; % Overall length of actuator (m)
14=2.0; % Ground link length (m)

lstart=0; % Starting actuator variable length (m)
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lend=1.2; % Ending actuator variable length (m)

cgl=11/2; % COG of unactuated member (m)
cg2=12/2; % COG of lead screw tube (m)
cg3=13max/2; % COG of active base (m)

tt=input(’Enter Total Simulation Time: ’);
dt=input(’Enter Time Step: ’);
numsteps=tt/dt ; % Number of steps in the simulation

% Values for Triangular Truss Simulation

id=.022225; ¥ Inner diameter of unactuated

% and 1s tubes (m) (7/8 in)
od=.0254 % Outer diameter of unactuated

% and 1s tubes (m) (1 in)
area=pix(od~2-id~2)/4; J Cross sectional area of

Yunactuated and 1ls tubes (m~2)

E=71.0e9; % Modulus of Elasticity for aluminum (N/m~2)
G=26.2e9; % Modulus of Rigidity for aluminum (N/m~2)
ro=2711.5; 7’ Density of aluminum (N/m"3)

c=o0d/2; % Maximum bending moment - distance from
A neutral axis (m)
g=-9.81; % Gravitational constant for truss members (m/s~2)

gl=-9.81; Y Gravitational constant for lumped mass (m/s~2)

massi=roxarea*ll; % Mass of unactuated tube
mass2=ro*areaxl2; % Mass of lead screw tube

mass3=2.4; % Mass of actuator including motor and 1s
Ymass4=10; % Lumped mass at the top

mass4=input (’Enter Lumped Mass Value: ’);

% Moment of Inertia of ls tube (about CG)
ic=mass2*(3%od " 2+3%id"2+4%12"2) /48;

% Moment of Inertia of ls tube (about CG)
iol=massi*(3*x0d 2+3%id"2+4%11°2) /48+massi1*11°2/4;
io2=1/3*mass3*13max~2; % MOI of actuator about its base
ina=pi*(od~4-id~4)/64; % MOI resisting bending moment

% Input motor characteristics
Jn=6.76e-6; % Motor armature inertia
Ra=2; % Armature resistance
Ggh=5.2; % Gear head gain
Gls=2.5266e-4; % Leadscrew gain
Kt=0.0398; % Motor Torque constant
Kb=0.,0398; % Back EMF constant
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mu=0,3; % Coefficient of Friction
dm=0.02; % Leadscrew mean diameter

% Initialize all calculated variables
phi=zeros(numsteps,1);
phidot=zeros(numsteps,1);
phiddot=zeros(numsteps,1);
theta=zeros(numsteps,1);
thetadot=zeros(numsteps,1);
thetaddot=zeros(numsteps,1);
xcoord=zeros{numsteps,1);
ycoord=zeros{(numsteps,1);
lvel=zeros(numsteps,3);
lpos=zeros(numsteps,2);
aax=zeros (numsteps, 1) ;
aay=zeros(numsteps, 1) ;
abx=zeros(numsteps,1);
aby=zeros(numsteps,1);
acx=zeros (numsteps,1);
acy=zeros(numsteps,1);
adx=zeros (numsteps,1);
ady=zeros(numsteps,1);
fx1=zeros(numsteps,1);
fyl=zeros(numsteps,1);
fx2=zeros (numsteps,1);
fy2=zeros(numsteps,1);
fx3=zeros (numsteps,1);
fy3=zeros(numsteps,1);
rxl=zeros(numsteps,1);
rx2=zeros (numsteps,1);
ryl=zeros(numsteps,1);
ry2=zeros(numsteps,1);
mi=zeros(numsteps,1);
fxist=zeros(numsteps,1);
fylst=zeros(numsteps,1);
fx2st=zeros (numsteps,1);
fy2st=zeros (numsteps,1);
fx3st=zeros (numsteps,1);
fy3st=zeros (numsteps,1);
rxist=zeros(numsteps,1);
rx2st=zeros (numsteps,1);
rylst=zeros(numsteps,1);
ry2st=zeros(numsteps,1);
mist=zeros (numsteps,1);
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tensionl=zeros(numsteps,7);
sheari=zeros(numsteps,7);
momenti=zeros(numsteps,7);
tension2=zeros(numsteps,7);
shear2=zeros(numsteps,7) ;
moment2=zeros (numsteps,7);
tstresl=zeros(numsteps,7);
mstresi=zeros(numsteps,7);
vstresl=zeros(numsteps,7);
tstres2=zeros(numsteps,7);
mstres2=zeros (numsteps,7);
vstres2=zeros (numsteps,7) ;
tstraini=zeros(numsteps,7);
vstraini=zeros(numsteps,7);
mstraini=zeros(numsteps,7);

% Now set up third order transfer function model for actuator
% and simulate to get the link length and linear velocity
% - the states of the plant

zeta=0.8;

ts=.9%tt;

wn=6/ (zeta*ts) ;

rroot=2%wn;

cel=poly(roots([1 2%zeta*wn wn~2]’));

ce2=poly(roots([1 rroot]?’));

den=conv(cel,ce2);

T=(0:dt:tt-dt)’;

num=den(4) ;

U1=((lend-1start))*ones(numsteps,1);
[1pos,lvel]l=1sim(num,den,U1,T);

xvel=lvel(:,2)*num;

xacel=lvel(:,1)*num;

for i = 1:numsteps;

% Calculate angles, angular velocities, and accelerations
% at each time step
if i==1;

xvell(i)=0;

xaceli(i)=0;

phi(i)=acos((11°2+14"2-(12+13min+lpos(i))~2)/(2%14%11));

theta(i)=acos(((12+13min+lpos(i))~2+14°2-11"2)/...
(2%14%(12+13min+lpos(i))));

thetadot(i)=0;
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phidot (i)=0;
phiddot (i)=0;
else
xvell(i)=(1lpos(i)-lpos(i-1))/dt;
xacell(i)=(xvel(i)-xvel(i-1))/dt;
phi(i)=acos((11°2+14"2-(12+13min+1lpos(i))~2)/(2%14*11));
theta(i)=acos(((12+13min+lpos(i))~2+14"2-11"2)/...
(2%14*(12+13min+lpos(i))));

thetadot(i)=(theta(i)-theta(i-1))/dt;
thetaddot (i)=(thetadot(i)-thetadot(i-1))/dt;
phidot (i)=(phi(i)-phi(i-1))/dt;
phiddot(i)=(phidot(i)-phidot(i-1))/dt;

end

xcoord(i)=14-(1li*cos(phi(i)));
ycoord(i)=11*sin(phi(i));

% Calculate x and y accelerations of each point of
% interest (node points and center of mass of each member)

aax(i)=((cgl)*phidot (i) “2*cos(phi(i)))+...
((cgl)*phiddot (i)*sin(phi(i)));
aay(i)=(-(cgl)*phidot (i) "2*sin(phi(i)))+...
((cg1l)*phiddot(i)*cos(phi(i)));
abx(i)=(1l1*phidot(i)~2*cos(phi(i)))+...
(11*phiddot(i)*sin(phi(i)));
aby(i)=(-11*phidot(i)~2*sin(phi(i)))+...
(11xphiddot(i)*cos(phi(i)));
acx(i)=(xacel(i)*cos(theta(i)))-(2*xvel(i)*...
thetadot(i)*sin(theta(i)))-...
((1pos(i)+13min+cg2)*thetaddot(i)...
*sin(theta(i)))-((1lpos(i)+13min+cg2)*. ..
thetadot (i) “2xcos(theta(i)));
acy(i)=(xacel(i)*sin(theta(i)))+(2*xvel(i)*...
thetadot (i)*cos(theta(i)))+...
((1lpos(i)+13min+cg2)*thetaddot(i)*...
cos(theta(i)))-((lpos(i)+13min+cg2)*. ..
thetadot (i) ~“2*sin(theta(i)));
adx(1)=(~-cg3*thetaddot (1)*sin(theta(i)))-...
(cg3*thetadot (i) “2*cos(theta(i)));
ady(i)=(cg3*thetaddot (i)*cos(theta(i)))-...
(cg3*thetadot (i) ~2*sin(theta(i)));

% Set up the system of Newtons equations and solve
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% for the forces
vali=(12-cg2);
val3=(lpos(i)+13min)*sin(theta(i));
val4=(1lpos(i)+13min)*cos(theta(i));
forcevect=[massi*aax(i) massi*aay(i)+massixg...
ioixphiddot(i)+massi*gcgl*cos(phi(i)) mass2*acx(i)...
mass2*acy(i)+mass2*g ic*thetaddot(i) mass3*adx(i)...
mass3+*ady(i)+mass3*g io2¥thetaddot(i)+mass3*gxcg3*cos(theta(i))...
mass4*abx (i) mass4*aby(i)+massd*gi]’;

e1=[1 0000010000];
e2=[0 0010000 100];
e3=[11*sin(phi(i)) 0 O li*cos(phi(i)) 00 0 0 0 0 0];
e4=[0 110000000 0];
e5=[0 0001100000];

e6=[0 -vali*sin(theta(i)) cg2*sin(theta(i)) O vali*cos(theta(i))...

-cg2xcos(theta(i)) 0 0 0 0 1];
e7={00-1 00001000
e8=[0 0 000-10001
e9=[0 0 val3 0 0 -val4 O
e10=[-1 -1 0000000
e11=[0 00 -1 -1 0000

]l
1;
00 -1];
0];
0l;

0
0
0
0 ’
eqnmat=[el;e2;e3;e4;05;66;07;e8;e9;010;e11];
res=inv(eqnmat)*forcevect;

% The resulting forces for each time step are:

fx1(i)=res(1);
£x2(i)=res(2);
fx3(i)=res(3);
fy1(i)=res(4);
fy2(i)=res(5);
fy3(i)=res(6);
rxi(i)=res(7);
rx2(i)=res(8);
ry1(i)=res(9);
ry2(i)=res(10);
mi(i)=res(11);

% Now Calculate Static Forces at each timestep

statvect=[0 massi*g massi*gxcgi*cos(phi(i)) O mass2*g 0 O...
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mass3*g mass3*g¥cg3*cos(theta(i)) O mass4*gl]’;
fstat=inv(eqnmat)*statvect;
fxist(i)=fstat(1);
fx2st(i)=fstat(2);
fx3st(i)=fstat(3);
fyist(i)=fstat(4);
fy2st(i)=fstat(5);
fy3st(i)=fstat(6);
rxist(i)=fstat(7);
rx2st(i)=fstat(8);
rylst(i)=fstat(9);
ry2st(i)=fstat(10);
mist(i)=fstat(11);

% Calculate the actuator force on the leadscrew tube

ci=[-sin(theta(i)) cos(theta(i)) 0;cos(theta(i)) ...
sin(theta(i)) 0;0 0 1];

f=[£x3(i) £fy3(i) 0]1’;

actfor(:,i)=cix*f;

% Calculate static load on leadscrew tube at each time step
fst=[fx3st(i) fy3st(i) 0]°;
ffst(:,i)=clxfst;

% Determine whether motor torque is with or against load
sst=sign(ffst(2,1));
sact=sign(actfor(2,i));

% Calculate motor torque
if sst==sact; % Signs are the same - force acting
% against load
Tm(i)=(JIm*abs(xacel(i))*Ggh/Gls)+(dm/2*actfor(2,1i))*...
((2%pi*Gls+pi*muxdm)/(pi*dm-mu*2*pi*Gls));
else % Signs are different - force acting
% with load
Tm(i)=(Im*abs(xacel(i))*Ggh/Gls)+(dm/2*actfor(2,i))*...
((-2*pi*Gls+pi*mu*dm)/(pi*dm+mu*2*pi*Gls));
end
% Calculate motor voltage
Vm(i)=Tm(i)*Ra/Kt+(Kb*Ggh*abs(xvel(i))/(Gls));
% Calculate motor current
Ia(i)=Tm(i)/Kt;
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%

%
A

Now find the internal forces due to inertia in each member
for j = 1:7;
First for unactuated tube:

1i=(11/6)*(j-1);
iz=(massi*ii/11)*(3%0d~2+3%id"2+4%11°2)/48;
w=massi*ii/lixg;
gamma=((pi/2)-phi(i));
azx=((11-ii/2)*phidot (i) ~2*cos(phi(i)))+((11-ii/2)*...
phiddot(i)*sin(phi(i)));
azy=(-(11-ii/2)*phidot (i) “2*sin(phi(i)))+((11-ii/2)*...
phiddot(i)*cos(phi(i)));
matil=[cos(phi(i)) -cos(gamma) O;-sin(phi(i)) -sin(gamma)...
0;0 ii/2 -1];
fvecti=[((mass1*ii/11)*azx)-fx1(i); ((massi*ii/l1)*azy)-...

fy1(i)+w; (iz#phiddot (i))-(£fx1(i)*ii/2*sin(phi(i)))-...

(£y1(i)*ii/2*cos(phi(i)))];
ansi=inv(matl)*fvectl;
tensioni(i,j)=ans1(1);
shear1(i,j)=ans1(2);
moment1(i,j)=ans1(3);
tstresi(i,j)=tensioni(i,j)/area;
vstresi(i,j)=2*shear1(i,j)/area;
mstresi(i,j)=momenti(i,j)*c/ina;
vmstresia(i,j)=sqrt(tstresi(i,j) 2+vstresi(i,j)~2);
vmstresib(i,j)=abs(mstres1(i,j))+abs(tstresi(i,j));
tstraini(i,j)=tstresi(i,j)/E;
mstraini(i,j)=mstresi(i,j)/E;
vstraini(i,j)=vstresi(i,j)/G;

fstati=[-fxist(i);-fylst(i)+w;-(£x1st(i)*ii/2*sin(phi(i)))-...

(fy1st(i)*ii/2*cos(phi(i)N];
ansi=inv(matl)*fstati;
tstati(i,j)=ans1(1);
shstat1(i,j)=ans1(2);
mstati(i,j)=ans1(3);
tststi(i,j)=tstati(i,j)/area;
vststi(i,j)=3*shstat1(i,j)/(2*area);
mststi(i,j)=mstati(i,j)*c/ina;
vmststia(i,j)=sqrt(tststi(i,j) "2+vststi(i,j)~2);
vmststib(i, j)=abs(mstst1(i,j))+abs(tststi(i,j));
tststri(i,j)=tststi(i,j)/E;
mststri(i,j)=mststi(i,j)/E;
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vststri(i,j)=vststi1(i,j)/G;
For lead screw tube:

Kk=(12/6)*(j-1);

is=(mass2¥kk/12)*(3*xod~2+3%id~2+4%12°2)/48;

w=mass2¥kk/12*g;

gamma=((pi/2)-theta(i));

asx=(xacel(i)*cos(theta(i)))-(2*xvel(i)*thetadot(i)*...
sin(theta(i)))-((1lpos(i)+13min+12-kk/2)*thetaddot (i)*...
sin(theta(i)))-((1pos(i)+13min+12-kk/2)*thetadot (i)~2%*...
cos(theta(i)));

asy=(xacel(i)*sin(theta(i)))+(2*xvel(i)*thetadot(i)*...
cos(theta(i)))+((lpos(i)+13min+12-kk/2)*thetaddot(i)*...
cos(theta(i)))-((1pos(i)+13min+12-kk/2)*thetadot (i)~2*...
sin(theta(i)));

mat2=[-cos(theta(i)) -cos(gamma) 0;-sin(theta(i)) sin(gamma)...

0;0 -kk/2 1];
fvect2=[((mass2+kk/12)*asx)-£x2(i) ; ((mass2xkk/12)*asy)-...

fy2(i)+w; (isxthetaddot (i) )+(£x2(i)*kk/2*sin(theta(i)))-...

(£y2(i)*kk/2*cos(theta(i)))];
ans2=inv(mat2)*fvect2;
tension2(i,j)=ans2(1);
shear2(i,j)=ans2(2);
moment2(i, j)=ans2(3);
tstres2(i,j)=tension2(i,j)/area;
vstres2(i,j)=2*shear2(i,j)/area;
mstres2(i, j)=moment2(i,j)*c/ina;
vmstres2a(i,j)=sqrt(tstres2(i,j) "2+vstres2(i,j)~2);
vmstres2b(i,j)=abs(mstres2(i,j))+abs(tstres2(i,j));
tstrain2(i, j)=tstres2(i,j)/E;
mstrain2(i, j)=mstres2(i,j)/E;
vstrain2(i, j)=vstres2(i,j)/G;
fstat2=[-fx2st (i) ;-fy2st(i)+w; (fx2st(i)*kk/2*sin(theta(i)))-...
(fy2st(i)*kk/2*cos(theta(i)))];
ansi=inv(mat2)*fstat2;
tstat2(i,j)=ans1(1);
shstat2(i, j)=ansi(2);
mstat2(i,j)=ans1(3);
tstst2(i,j)=tstat2(i,j)/area;
vstst2(i, j)=3*shstat2(i,j)/(2*area);
mstst2(i,j)=mstat2(i,j)*c/ina;
vmstst2a(i, j)=sqrt(tstst2(i,j) "2+vstst2(i,j)"2);
vmstst2b(i, j)=abs(mstst2(i,j))+abs(tstst2(i,j));
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tstetr2(i,j)=tstst2(i,j)/E;
mststr2(1,j)=mstst2(i,j)/E;
vststr2(i,j)=vstst2(i,j)/G;

end;
end;
% Now check buckling load for both members
% Only need to use the maximum forces for buckling

% For member 1

Pcri=pi~2#E*ina/11°2;

% The maximum compressive load is the minimum tensile load found
% from the analysis of internal forces
maxfi=max(abs(min(tension1)));

% For member 2

Pcr2=pi~2%E*ina/12°2;

% The maximum compressive load is the minimum tensile load
maxf2=max (abs (min(tension2)));
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Appendix B

Triangular Truss Finite-Element

Model

Title Triangular Truss - Static Analysis
Nodal Point Locations 1
1 0.000000 0.000000 0.000000
2 0.312800 0.390300 0.000000
3 1.562500 1.951600 0.000000
4 2.000000 0.000000 0.000000
-- Blank Line --
Material Properties 71.0e9 26.2e9 2711.5 .3
Beam Type 3, .0254, .022225
release u,v
Connect 1 to 2
release u,v
Connect 3 to 2
beam type 1 1.1876e-4
Connect 3 to 4
zero 1
ra of all
tz of all
-- Blank Line --
End Definition



displacements applied 1

tx 014

ty 01 4

--blank line--

forces and moments applied 1
fy -98.1 3

--blank line--

solve
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Appendix C

Spatial Truss Simulation Code

% PROGRAM: SPATSIM.M

% This program is the simulation to model the spatial truss with
h 21 members

h Written by: David Lacy

% Run Tom’s slewing simulation - output is nodal position,

h velocity and acceleration at each point in time

=== m e e e e e cm e e m e e e mmmmm e
% Run Tom’s Kinematics Solution

fwdl

numsteps=length(11); %#Calculate number of steps in motion
tt=input(’Enter Timestep: ’); %Input delta t

% Now load Tom’s information in my format
[/ First load position data
for i=1:numsteps;

N1(i,:)=[n1(1) -n1(3) n1(2)];
N2(i,:)=[n3(1) -n3(3) n3(2)];
N3(i,:)=[n2(1) -n2(3) n2(2)];
end;

N4=[n4(:,1) -n4(:,3) n4(:,2)]1;
N5=[n5(:,1) -n5(:,3) n5(:,2)];
N6=[n6(:,1) -n6(:,3) n6(:,2)];
N7=[n9(:,1) -n9(:,3) n9(:,2)]1;
N8=[n7(:,1) -n7(:,3) n7(:,2)];
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N9=[n8(:,1) -n8(:,3) n8(:,2)];

% Load velocity data
Vi=zeros(numsteps,3);
V2=zeros(numsteps,3) ;
V3=zeros(numsteps,3);
V4=[nd4(1,:)’ -nd4(3,:)’ nd4(2,:
V5=[nd5(1,:)’ -nd5(3,:)’ nds(2,:
V6=[nd6(1,:)’ -nd6(3,:)’ nd6(2,:
V7=[nd9(1,:)’ -nd9(3,:)* nd9o(2,:
V8=[nd7(1,:)’ -nd7(3,:)’ nd7(2,:
V9=[nd8(1,:)’ -nd8(3,:)’ nds8(2,:
% Load Acceleration Data
Al=zeros(numsteps,3);
A2=zeros(numsteps,3);
A3=zeros(numsteps,3);
A4=[ndd4(1,:)’ -ndd4(3,:)’ ndd4(2,:
AB=[ndd5(1,:)’ -ndd5(3,:)’ nddS(2,:
A6=[ndd6(1,:)’ -ndd6(3,:)’ ndd6(2,:
A7=[ndd9(1,:)?’ -ndd9(3,:)’ nddo(2,:
A8=[ndd7(1,:)? -ndd7(3,:)’ ndd7(2,:
A9=[ndd8(1,:)’ -ndd8(3,:)’ ndds(2,:
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% Now save only acceleration data, time step, total time
save node_dat N1 N2 N3 N4 N5 N6 N7 N8 N9 Vi V2 V3 V4 V5
V6 V7 V8 V9 A1l A2 A3 A4 A5 A6 A7 A8 A9 numsteps tt dt
clear
load node_dat
t=[dt:dt:numsteps*dt] ’;

% Now have only the nodal position, velocity, and acceleration, and the
% total simulation tige(tt), number of steps(numsteps), and

%  time step(dt)

% Set up motor constants

Jm=6.76e-6; % Motor armature inertia

Ra=2; % Armature resistance

Ggh=5.2; % Gear head gain

Gls=2.5266e-4; ) Leadscrew gain (1/16 in per rev)
Kt=0.0398; % Motor Torque constant

Kb=0.0398; % Back EMF constant

mu=.1 % Coefficient of friction

dm=0,5%.0254 % Mean diameter of leadscrew

% Set up material constants and gravity
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ro=2711.5; % Mass per unit volume (total mass=ro*area*L)

E=71.0e9; % Modulus of Elasticity
% Gravitational Constant - positive ’g’ acts toward
[/ fixed base of truss)

g=input (’Enter Gravity Constant for
members (positive is towards base plane): ’);

% Apply any External Loads or Lumped Masses
% Lumped mass can have different gravitational constant if desired

resp=input(’Do you want to add Lumped Masses to the Top Plane
Nodes (y/n): *);
if resp==’y’;
lmass7=input(’Enter Lumped Mass Value for Node 7: ’);
Imass8=input (’Enter Lumped Mass Value for Node 8: ’);
I1mass9=input (’Enter Lumped Mass Value for Node 9: ’);
gl=input (’Enter Gravity Constant for Lumped Mass (positive is toward
base plane): ’);
else
lmass7=0;
1lmass8=0;
Imass9=0;
gli=0;
end
resp=input(’Do you want to add External Forces to the Top Plane
Nodes (y/n): ?);
if resp==’y’

NN7x=input (’Enter X-Direction External Load Applied to Node 7: ’);
NN7y=input (’Enter Y-Direction External Load Applied to Node 7: ’);
NN7z=input (’Enter Z-Direction External Load Applied to Node 7: ’);
NN8x=input (’Enter X-Direction External Load Applied to Node 8: ’);
NN8y=input (’Enter Y-Direction External Load Applied to Node 8: ’);
NN8z=input (’Enter Z-Direction External Load Applied to Node 8: ’);
NN9x=input (’Enter X-Direction External Load Applied to Node 9: ’);
NN9y=input (’Enter Y-Direction External Load Applied to Node 9: ’);
NN9z=input (’Enter Z-Direction External Load Applied to Node 9: ?);

else
NN7x=0;
NN7y=0;
NN7z=0;
NN8x=0;
NN8y=0;
NN82=0;
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NNSx=0;
NN9y=0;
NN9z=0;
end;
cls
disp(® *)
disp(’ ?)
disp(’ Calculating Dynamic Forces ’)
disp(’ ?)
disp(? Please Wait’)
disp(’ ?)

% Set up constants for the active member (base and 1ls tube)

1s=.254; % Length of Lead Screw Tube
odls=,75%2.54/100; % Duter Diameter of lead screw tubes
idls=.63%2.54/100; % Inner Diameter of lead screw tubes
areals=pi/4*(odls~2-idls~2);) Cross section area of lead screw tubes
massls=ro*areals*ls; ), Mass of lead screw tube
iglsbi=massls/48*(3%odls~2+3%idls"2+4%1s8~2); ) Moment of Inertia of
% lead screw tube about its center of
% gravity (B1 direction)

iglsb2=iglsbi; % MOI of 1s tube about COG in B2 direction

massbase=3; % Mass of Active base (including motor,gear head,
% lead screw, and supports)

lbase=.7; % Overall length of active base

ibasebi=massbase*lbase~2/12; ¥ MOl of active base in B1 direction
% - active base MOI is modeled as member with no area only
% mass - therefore constant density of the length
% This is not actual case since motor, gear head,
% lead screw masses are lumped at points along
% the base length - CG of active base is length/2
ibaseb2=ibasebl; % MDI of active base in B2 direction

% Set up fixed member constants

idf=.63%2.54/100; % Internal diameter of fixed length members
odf=.75%2.54/100; J Outer diameter of fixed length members
areaf=pi/4*(odf~2-idf"2);’, Cross section area of fixed length members
cf=o0df/2; % Maximum distance from neutral axis

ina=pi/64*(0df~4-idf~4);  Area moment of inertia opposing bending moment

% Set up fixed member lengths, masses, and moments of inertia
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li=sqrt((N6(1,:)-N2(1,:))*(N6(1,:)-N2(1,:))?);
massl=ro*areaf*ll;

iibi=mass1/48%(3*odf ~2+3*%idf~2+4%11°2);
i1b2=i1ib1;

12=sqrt ((N6(1,:)-N1(1,:))*(N6(1,:)-N1(1,:))?);
mass2=ro*areaf*12;
i2bl=mass2/48% (3*xodf ~2+3*idf ~2+4%12"2);
i2b2=i2b1;

13=sqrt ((N4(1,:)-N1(1,:))*(N4(1,:)-N1(1,:))?);
mass3=ro*areaf*13;
i3bi=mass3/48% (3*odf "2+3%idf ~2+4%13°2);
i3b2=i3bi;

14=sqrt ((N4(1,:)-N3(1,:))*(N4(1,:)-N3(1,:))?);
mass4=ro*areaf*1l4;
i4bi=mass4/48% (3xodf ~2+3*idf "2+4%14°2);
i4b2=i4b1;

15=sqrt ((N5(1,:)-N3(1,:))*(N5(1,:)-N3(1,:))*);
massS=ro*areaf*15;
iSbi=mass5/48% (3*xodf "2+3%idf~2+4%15°2);
i5b2=i5bi;

16=sqrt ((N5(1,:)-N2(1,:))*(N5(1,:)-N2(1,:))°);
mass6=ro*areaf*l6;
i6bl=mass6/48% (3*odf "2+3*%idf~2+4%16°2);
i6b2=1i6b1;

113=sqrt((N9(1,:)-N6(1,:))*(N9(1,:)-N6(1,:))?);
massl3=roxareaf*113;

i13bi=mass13/48* (3%odf~2+3*idf~2+4*113°2);
113b2=113b1;

114=sqrt((N7(1,:)-N6(1,:))*(N7(1,:)-N6(1,:))°);
massi4=roxareaf*11i4;
i14bil=mass14/48* (3*odf "2+3*idf~2+4%114"2);
114b2=i14b1;

115=sqrt((N7(1,:)-N4(1,:))*(N7(1,:)-N4(1,:))?);
massib=roxareaf*l15;
i15b1=mass15/48% (3*odf ~2+3*idf"2+4%115°2);
115b2=i15b1;

172



116=sqrt((N8(1,:)-N4(1,:))*(N8(1,:)-N4(1,:))?);
massi6=ro*areaf*116;
i16bi=mass16/48% (3%odf "2+3*%idf "2+4%116°2);
i16b2=i16b1;

117=sqrt((N8(1,:)-N5(1,:))*(N8(1,:)-N5(1,:))?);
massl7=ro*areaf*l17;

i17b1=mass17/48%(3%0odf ~"2+3*idf~2+4*117°2);
i17b2=i17b1;

118=sqrt((N9(1,:)-N5(1,:))*(N9(1,:)-N5(1,:))?);
massi8=rokxareaf*118;

i18bl=mass18/48+%(3xodf "2+3%idf~2+4%118"2);
i18b2=118b1;

119=sqrt ((N9(1,:)-N7(1,:))*(N9(1,:)-N7(1,:))*);
mass19=ro*areaf*119;
119b1=mass19/48% (3*kodf "2+3%idf~2+4*119°2) ;
119b2=119b1;

120=sqrt((N8(1,:)-N7(1,:))*(N8(1,:)-N7(1,:))*);
mass20=ro*areaf*120; ’
i20bi=mass20/48% (3*odf~"2+3%idf~2+4%120°2);
i20b2=120b1;

121=sqrt ((N9(1,:)-N8(1,:))*(N9(1,:)-N8(1,:))*);
mass2l=ro*areaf*121;
i21bl=mass21/48%(3%0df~2+3*idf~2+4%121°2);
i21b2=i21b1;

% Set up Newtonian Coordinate System
ni=[1 0 0];

n2=[0 1 0];

n3=[0 0 1];

nn=[n1;n2;n3];

% Set up loop to calculate everything for each time step
for i=1:numsteps,

A First set up the cosine matrices for each member
% For Member 1
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nip=(N2(i,:)-N1(i,:))/sqrt((N2(i,
ui3=(N6(i,:)-N2(i,:))/sqrt((N6(i,
ui2=cross(ui3,nip);
ui12=u12/sqrt(ui2*ui2’);
uli=cross(ui2,ull);
ci=[uii;ui2;ul13d];

% For Member 2

u23=(N6(i, :)-N1(i,:))/sqrt ((N6(i,
u22=cross(u23,nip);
u22=u22/sqrt(u22*u22’);
u2i=cross(u22,u23);
c2=[u21;u22;u23];

% For Member 3
nip=(N1(i,:)-N3(i,:))/sqrt((N1(i,

u32=cross(u33,nip);
u32=u32/sqrt(u32*u32’);
u3i=cross(u32,u33);
c3=[u31;u32;u33];

% For Member 4

u43=(N4(i, :)-N3(i,:))/sqre((N4(i,
u42=cross(u43,nip);
u42=u42/sqrt(ud2¥ud2’);
udi=cross(u42,ud3d);
c4=[u41;ud2;u43];

% For Member 5

nip=(N2(i,:)-N3(i,:))/sqrt((N2(i,:
ub3=(N5(i,:)-N3(i,:))/sqrt ((N5(i,:

u52=cross(u53,nip);
u52=u52/sqrt(ub2*ub2’);

uS51=cross(u52,ub3);

c5=[u51;u52;usk3];

% For Member 6

u63=(N5(i,:)-N2(i,:))/sqrt ((N6(i,:

u62=cross(u63,nip);
u62=u62/sqrt (u62*u62’);
ubl=cross(u62,u63);
c6=[uB1;u62;u63];

$)=N1(d,:
$)-N2(i,:

:)-N1(d,:

$)-N3(i,:
u33=(N4(i,:)-N1(i,:))/sqrt ((N4(i,:

)-N1(i,:

1)-N3(i,:

)-N3(i,:
)-N3(i,:

)-N2(i,:
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% For Member 7
u73=(N5(i,:)-N4(i,:))/sqrt((N56(i,:)-N4(i,:))*(N5(i,:)-N4(i,:))?);
junk=(N6(i,:)-N4(i,:))/sqrt((N6(i,:)-N4(4i,:))*(N6(i,:)-N4(i,:))?*);
u71=cross(junk,u73);

u7i=u71/sqrt(u7i*u71’);

u72=cross(u73,u7l);

c7=[u71;u72;u73];

% Foi Member 8
%c8=c7;

% For Member 9
u93=(N5(i,:)-N6(i,:))/sqrt((N5(i,:)-N6(i,:))*(N5(i,:)-N6(i,:))’);
junk=(N4(i,:)-N6(i,:))/sqrt((N4(i,:)-N6(i,:))*(N4(i,:)-N6(i,:))*);
u9i=cross(u93, junk) ;

u91=u91/sqrt(ud9i*us1’);

u92=cross(u93,u91);

c9=[u91;u92;u93];

% For Member 10
%c10=c9;

% For Member 11
ul13=(N6(i,:)-N4(i,:))/sqrt((N6(i,:)-N4(i,:))*(N6(i,:)-N4(i,:))?);
junk=(N5(i,:)-N4(i,:))/sqrt ((NS(i, :)-N4(di,:))*(N5(i,:)-N4(i, :))*);
ulii=cross(u1i3, junk);

ulii=uiil/sqrt(uiii*uill’);

uli2=cross(uii3,uiii);

cli=[ulil;ui1i12;u113];

% For Member 12
Y%ci2=cii;

% For Member 13
nip=(N9(i,:)-N7(i,:))/sqrt((N9(i,:)-N7(i,:))*(N9(i,:)-N7(i,:))*);
u133=(N9(i,:)-N6(i,:))/sqrt ((N9(i,:)-N6(i,:))*(N9(i,:)-N6(i,:))*);
ul31i=cross(nip,ui33);

u131=u131/sqrt(ui3i*ul31’);

ul32=cross(ui33,ui31);

c13=[u131;u132;u133];

% For Member 14
u143=(N7(i,:)-N6(i,:))/sqrt((N7(i,:)-N6(i,:))*(N7(i,:)-N6(i,:))?);
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ul4i=cross(nip,ul43);
ul4i=uild4i/sqrt(uisixuisi’);

ul42=cross(ui43,ui4l);

c14=[u141;u142;u143];

% For Member 15
nip=(N7(i,:)-N8(i,:))/sqrt((N7(i,:)-N8(i,:))*(N7(i,:)-N8(i,:))?*);
uib3=(N7(i,:)-N4(i,:))/sqrt((N7(i,:)-N4(i,:))*(N7(i,:)-N4(i,:))?);
ulbi=cross(nip,u1s3);

ulbi=uib1/sqrt(uibi*uisi?’);

uilS2=cross(uis3,uibl);

c15=[u151;u1562;u153];

% For Member 16
u163=(N8(i,:)-N4(i,:))/sqrt((N8(i,:)-N4(i,:))*(N8(i,:)-N4(i,:))’);
ul6i=cross(nip,u1é3);

ul61=u161/sqrt(ui6i*ui6l’);
uil62=cross(ui63,ui6l);
c16=[u161;u162;u163];

% For Member 17

nip=(N9(i,:)-N8(i,:))/sqrt ((N9(i,:)-N8(i,:))*(N9(i,:)-N8(i,:))’);
ul73=(N8(i,:)-N5(i,:))/sqrt((N8(i,:)-N5(i,:))*(N8(i,:)-N5(i,:))?);
ul71i=cross(nip,ui73);

ul71=ui71/sqrt(ui71*ul71’);

ul72=cross(ui173,ui71);

c17=[ul71;u172;ul73];

% For Member 18
u183=(N9(i,:)-N6(i,:))/sqrt((N9(i,:)-N5(i,:))*(N9(i,:)-N56(i,:))?);
ui8i=cross(nip,u183);

ui81=ui81/sqrt(ui8i*uisi’);
ui82=cross(uig83,uisi);
c18=[u181;u182;u183];

% For Member 19
u193=(N9(3i,:)-N7(i,:))/sqrt ((N9(i,:)-N7(i,:))*(N9(i,:)-N7(i,:))’);
junk=(N8(i,:)-N7(i,:))/sqrt((N8(i,:)-N7(i,:))*(N8(i,:)-N7(i,:))?);
ul9i=cross(u193, junk);

ul91=ui91/sqrt(ui91*ui9l’);
ul92=cross(ui193,ul91);

c19=[u191;u192;u193];

% For Member 20
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u203=(N7(i,:)-N8(i,:))/sqrt ((N7(i,:)-N8(i,:))*(N7(i,:)-N8(i,:))’);
junk=(N9(i,:)-N8(i,:))/sqrt((N9(i,:)~-N8(i,:))*(N9(i,:)-N8(i,:))?);
u201=cross(u203, junk) ;

u201=u201/sqrt(u201%u201?);
u202=cross (u203,u201);
¢20=[u201;u202;u203];

% For Member 21

u213=(N9(i,:)-N8(i,:))/sqrt ((N9(i,:)-N8(i,:))*(N9(i,:)-N8(i,:))’);
u2li=cross(u203,u213);

u211=u211/sqrt(u211*u211’);

u2i2=cross(u213,u211);

c21=[u211;u212;u213];

% Now all cosine matrices are defined

%

% Start setting up force matrices
% Set up angular velocities and angular accelerations for
% the plane 1-2-6 (in Global Coordinates)

%
di=N6(i,:)-N1(i,:);
d2=N2(i,:)-N1(i,:); ’
mat=[0 d1(3) -d1(2);-d1(3) 0 d1(1);d2(2) -d2(1) 0];
wvect=[V6(i,1)-V1(i,1);v6(i,2)-V1(i,2);Vv2(i,3)-V1(i,k3)];
wti126=inv(mat)*wvect;
bll=wt126(2)*(wt126(1)*d1(2)-wt126(2)*d1(1))
-wt126(3)*(wt126(3)*d1(2)-wt126(1)*d1(3));
b21=wt126(3)*(wt126(2)*d1(3)-wt126(3)*d1(2))
-wt126 (1) * (wt126(1)*d1(2)-wt126(2)*d1(1));
b32=wt126 (1) * (wt126(3)*d2(1)-wt126(1)*d2(3))
-wt126(2)*(wt126(2)*d2(3)-wt126(3)*d2(2));
acvect=[A6(i,1)-41(i,1)-b11;46(i,2)-A1(i,2)-b21;42(i,3)-A1(i,3)-b32];
alp126=inv(mat)*acvect;

%

% For Member 1

matl=[eye(3) eye(3);-c1(2,:) c1(2,:);c1(1,:) -c1(1,:)];
fmati=[mati zeros(5,111)];

alx(i)=(A2(i,1)+A6(i,1))/2;

aly(i)=(A2(i,2)+46(i,2))/2;

alz(i)=(A2(1,3)+46(i,3))/2;

alpi1i(i)=ci1(1,:)*alp126;

alp12(i)=c1(2,:)*alp126;
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ilbi=massi*11~3/12;

i1b2=i1b1;

inerti=[massi*aix(i) massi*aly(i) massi*alz(i)+massixg
2/11%i1b1*alp11(i) 2/11*i1b2+*alp12(i)];

% For Member 2

mat2=[eye(3) eye(3);-c2(2,:) c2(2,:);c2(1,:) -c2(1,:)];

fmat2=[zeros(5,6) mat2 zeros(5,105)];

a2x(1)=(A1(i,1)+A6(i,1))/2;

a2y(i)=(A1(i,2)+46(i,2))/2;

a2z(i)=(A1(i,3)+A6(i,3))/2;

alp21(i)=c2(1,:)*alp126;

alp22(i)=c2(2,:)*alp126;

i2bi=mass2%12°3/12;

i2b2=i2b1;

inert2=[mass2*a2x(i) mass2*a2y(i) mass2*a2z(i)+mass2*g
2/12*i2b1%alp21 (i) 2/12%i2b2*alp22(i)];

% General Angular velocity and accelration calculation for

% the plane 3-1-4 (in Global Coordinates)

%

di=N4(i,:)-N3(4,:);

d2=N1(i,:)-N3(i,:); '

mat=[0 d1(3) -d1(2);-d1(3) 0 di1(1);d2(2) =-d2(1) 0];

wvect=[V4(i,1)-v3(i,1);v4(i,2)-v3(i,2);Vv1(i,3)-v3(i,3)];

wt314=inv(mat)*wvect;

b11=wt314(2)*(wt314(1)*d1(2)-wt314(2)*d1(1))
~wt314(3)*(wt314(3)*d1(2)-wt314(1)*d1(3));

b21=wt314(3) *(wt314(2)*d1(3)-wt314(3)*d1(2))
~wt314(1)*(wt314(1)*d1(2)-wt314(2)*d1(1));

b32=wt314(1)*(wt314(3)*d2(1)-wt314(1)*d2(3))
-wt314(2)*(wt314(2)*d2(3) ~wt314(3)*d2(2));

acvect=[A4(i,1)-A3(i,1)-b11;A4(i,2)-A3(i,2)-b21;A1(i,3)-43(i,3)-b32];

alp314 =inv(mat)*acvect;

%  For Member 3

mat3=[eye(3) eye(3);-c3(2,:) ¢3(2,:);c3(1,:) -c3(1,:)];
fmat3=[zeros(5,12) mat3 zeros(5,99)];
a3x(i)=(A1(i,1)+A4(i,1))/2;

a3y (i)=(A1(i,2)+A4(i,2))/2;

a3z(i)=(A1(i,3)+A4(i,3))/2;

alp31(i)=c3(1,:)*alp314;

alp32(i)=c3(2,:)*alp314;

i3bi=mass3%13°3/12;
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13b2=13b1;
inert3=[mass3+%a3x(i) mass3*a3y(i) mass3*a3z(i)+mass3x*g
2/13%i3b1*alp31(i) 2/13*i3b2%alp32(i)];

% For Member 4

matd4=[eye(3) eye(3);-c4(2,:) c4(2,:);c4(1,:) -c4(1,:)];

fmat4=[{zeros(5,18) mat4 zeros(5,93)];

ad4x(i)=(A3(i,1)+A4(i,1))/2;

a4y (1)=(A3(i,2)+44(i,2))/2;

a4z(i)=(A3(i,3)+A4(i,3))/2;

alp41(i)=c4(1,:)*alp314;

alp42(i)=c4(2,:)*alp314;

i4bil=mass4x%14-3/12;

14b2=i4b1;

inert4=[mass4*a4x(i) mass4*ad4y(i) mass4*adz(i)+masssxg
2/14*i4bixalp41(i) 2/14*i4b2xalp42(i)];

% General Angular velocity and accelration calculation for
% the plane 2-3-5 (in Global Coordinates)
%
d1=N5(i,:)-N2(4i,:);
d2=N3(i,:)-N2(i,:);
mat=[0 d1(3) -d1(2);-d1(3) 0 di1(1);d2(2) -d2(1) 0];
wvect=[V6(i,1)-V2(i,1);Vv5(i,2)-v2(i,2);V3(i,3)-v2(i,3)];
wt235=inv(mat)*wvect;
b11=wt235(2) * (wt235(1)*d1(2)-wt235(2)*d1(1))

-wt235(3) * (wt235(3)*d1(2)-wt235(1)*d1(3)) ;"
b21=wt235(3) *(wt235(2)*d1(3)-wt235(3)*d1(2))

-wt235(1) % (wt235(1) *d1(2) ~wt235(2)*d1(1));
b32=wt235(1)* (wt235(3)*d2(1) -wt235(1)*d2(3))

-wt235(2) *(wt235(2)*d2(3) -wt235(3) *d2(2));
acvect=[A5(i,1)-42(i,1)-b11;A5(i,2)-A2(i,2)-b21;A3(i,3)-A2(i,3)-b32];
alp235=inv(mat)*acvect;

%  For Member 5

mat5=[eye(3) eye(3);-c5(2,:) c5(2,:);cb(1,:) -cb(1,:)];
fmat5=[zeros(5,24) mat5 zeros(5,87)];
abx(i)=(A3(i,1)+A5(i,1))/2;

aby(i)=(A3(1,2)+A5(i,2))/2;

abz(i)=(43(1,3)+A5(1,3))/2;

alp51(i)=c5(1,:)*alp235;

alp52(i)=c5(2,:)*alp235;

iSbi=mass5*15°3/12;

i5b2=ibb1;
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inert5=[mass5*abx(i) mass5*a5y(i) mass5*abz(i)+mass5Sxg
2/15%i5b1*alpb1(i) 2/15%iEb2*alp52(il)];

% For Member 6

mat6=[eye(3) eye(3);-c6(2,:) c6(2,:);c6(1,:) -c6(1,:)];

fmaté=[zeros(5,30) mat6 zeros(5,81)];

abx(i)=(A2(1,1)+46(i,1))/2;

aby(i)=(A2(i,2)+A6(1,2))/2;

a6z(i)=(A2(i,3)+A6(i,3))/2;

alp61(i)=c6(1,:)*alp235;

alp62(i)=c6(2,:)*alp235;

i6bl=mass6*16~3/12;

i6b2=3i6b1;

inert6=[mass6*a6x(i) mass6*aby(i) mass6*a6z(i)+masséxg
2/16%i6b1*alp61(i) 2/16%i6b2*alp62(i)];

% For Member 7

17(i)=sqrt ((N5(i,:)-N4(i,:))*(N5(i,:)-N4(i,:))?);

mass7=massls+massbase;

cg7(i)=(massls*(17(i)-1s/2)+massbase*lbase/2)/(massls+massbase) ;

d7(i)=17(i)-cg7(i);

i7bi=iglsbil+ibasebi+massls*(17(i)-18/2-cg7(i))"2
+massbase*(cg7(i)-1lbase/2)"2;

i7b2=i7b1;

mat7=[eye(3) eye(3);cg7(i).*c7(2,:) -d7(i).*c7(2,:);
-cg7(1) .%c7(1,:) d7(1).*c7(1,:)];

fmat7=[zeros(5,36) mat7 zeros(5,75)];

Vab=c7*V4(i,:)’;

V5b=c7*V6(i,:)*;

Adb=cT*A4(i,:)’;

ABb=cT*A5(i,:)’;

xdot7(i)=V5b(3)~-V4b(3);

xddot7(i)=A5b(3)-44b(3);

wt71=(V4b(2)-V5b(2))/17(4i) ;

wt72=(V5b(1)-V4b(1))/17(i);

alp71(i)=(A4b(2)-A5b(2)-2%wt71*xdot7(i))/17(i);

alp72(i)=(A5b(1)-A4b(1)-2*wt72%xdot7(i))/17(i);

a7x(i)=A4(i,1)+cg7(1)*(A5(i,1)-44(i,1))/17(i);

aTy(i)=A4(1,2)+cgT(1)*(a5(1,2)-44(1,2))/17(1);

a7z(i)=A4(i,3)+cg7(i)*(A5(i,3)-A4(i,3))/17(i);

inert7=[mass7*a7x(i) mass7*a7y(i) mass7*a7z(i)+massT*g

i7Tbi*alp71(i) i7b2*alp72(i)];

% For Member 9
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19(i)=sqrt ((N6(i,:)-N5(i,:))*(N6(i,:)-N56(i,:))’);

mass9=massls+massbase;

cg9=(massls*(19(i)-1s/2)+massbase*lbase/2)/(massls+massbase) ;

d9=19(i)-cg9;

i9bil=iglsbi+ibasebi+massls*(19(i)-1s8/2-cg9) "2
+massbase*(cg9-1lbase/2)"2;

i9b2=1i7b1;

mat9=[eye(3) eye(3);cg9.*c9(2,:) -d9.%c9(2,:);
-cg9.%c9(1,:) d9.*c9(1,:)];

fmat9=[zeros(5,42) mat9 zeros(5,69)];

VEb=c9%V5(i,:)?;

V6b=c9*V6(i,:)’;

ASb=c9*AB(i,:)?’;

A6b=cO*A6(i,:)?;

xdot9(i)=V5b(3)-V6b(3);

xddot9(i)=A5b(3)-46b(3);

wt91=(V5b(2)-V6b(2))/19(i);

wt92=(V6b(1)-V5b(1))/19(i);

alp91(i)=(A5b(2)-A6b(2)-2*wt91*xdot9(i))/19(i);

alp92(i)=(A6b(1)-ASb(1)-2*wt92%xdot9(i))/19(i);

a9x(i)=A5(i,1)+cg9*(A6(i,1)-A56(i,1))/19(1);

a9y (i)=A5(i,2)+cg9*(46(i,2)-A5(i,2))/19(1);

a9z(i)=A5(1,3)+cg9*(46(i,3)~-A5(i,3))/19(1);

inert9=[mass9+*a9x(i) mass9*a9y(i) mass9*a9z(i)+massO*g

i9b1*alp91(i) i9b2*alp92(il)];

% For Member 11

111(i)=sqrt((N4(i,:)-N6(i,:))*(N4(i,:)-N6(i,:))*);

massli=massls+massbase;

cgli=(massls*(111(i)-1s/2)+massbase*lbase/2)/(massls+massbase);

d11=111(i)-cgll;

i11bi=iglsbi+ibasebi+massls*(111(i)-1s8/2-cgl1) "2

+massbase*(cgll-lbase/2)"2;

i11b2=i11b1;

matil=[eye(3) eye(3);cgil.*c11(2,:) -di1.%c11(2,:);
-cgll.*c11(1,:) dil.xc11(1,:)];

fmatli=[zeros(5,48) matll zeros(5,63)];

V4b=c11¥V4(i,:)?;

V6b=c11¥V6(i,:)’;

Adb=c11*A4(i,:)’;

A6b=c11*A6(i,:)?;

xdot11(i)=V6b(3)-V4b(3);

xddot11(i)=A6b(3)-44b(3);

wt111=(V6b(2)-V4b(2))/111(i);
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wt112=(V4b(1)-V6b(1))/111(i);
alp111(i)=(A6b(2)-A44b(2)-2*wt111*xdot11(i))/111(i);
alp112(i)=(A4b(1)~-A6b(1)-2*wt112*xdot11(i))/111(i);
al1x(i)=A4(i,1)+cgl1%x(A6(i,1)-44(i,1))/111(i);
ally(i)=44(i,1)+cg11*(A6(i,2)-44(i,2))/111(i);
a11z(i)=A4(i,1)+cgl1x(A6(i,3)-A4(i,3))/111(i);
inertii=[massi1*alix(i) massii*ally(i) massii*aliz(i)+massil*g
i11bi*alp111(i) i11b2*alp112(i)];

% General Angular velocity and accelration calculation for
% the plane 6-7-9 (in Global Coordinates)
L)
h
d1=N6(i,:)-N7(i,:);
d2=N9(i,:)-N7(i,:);
mat=[0 d1(3) -d1(2);-d1(3) 0 d1(1);d2(2) -d2(1) 0];
wvect=[V6(i,1)-v7(i,1);v6(i,2)-V7(i,2);V9(i,3)-V7(i,3)];
wt679=inv(mat)*wvect;
b11=ut679(2)*(wt679(1)*d1(2)-wt679(2)*d1(1))
~wt679(3) * (wt679(3) *d1(2) -wt679(1)*d1(3));
b21=wt679(3) * (wt679(2)*d1(3)-wt679(3)*d1(2))
~wt679(1)* (wt679(1)*d1(2)-wt679(2)*d1(1));
b32=wt679(1)*(wt679(3)*d2(1)-wt679(1)*d2(3))
-wt679(2)*(wt679(2)*d2(3) -wt679(3)*d2(2));
acvect=[A6(i,1)-A7(i,1)-b11;A6(i,2)-A7(i,2)-b21;A9(i,3)-A7(i,3)-b32];
alp679=inv(mat)*acvect;

% For Member 13

mati13=[eye(3) eye(3);c13(2,:) -c13(2,:);-c13(1,:) c13(1,:)];

fmati3=[zeros(5,54) mati3 zeros(5,57)];

a13x(i)=(A6(i,1)+A9(i,1))/2;

a13y(i)=(A6(i,2)+A9(i,2))/2;

a13z(i)=(A6(i,3)+A9(i,3))/2;

alp131(i)=c13(1,:)*alp679;

alp132(i)=c13(2,:)*alp679;

i13bi=mass13%113°3/12;

113b2=1i13b1;

inert13=[mass13*a13x(i) massi13*ai3y(i) mass13+*al13z(i)+massi3*g
2/113%113b1%alp131(i) 2/113*i13b2*alp132(i)];

% For Member 14

mati4=[eye(3) eye(3);c14(2,:) -c14(2,:);-c14(1,:) c14(1,:)];
fmatid=[zeros(5,60) matid zeros(5,51)];
aldx(i)=(A6(1i,1)+A7(i,1))/2;

al4y(i)=(A6(i,2)+A7(i,2))/2;
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a14z(i)=(A6(i,3)+A7(i,3))/2;

alp141(i)=c14(1,:)*alp679;

alpi142(i)=c14(2,:)*alp679;

i14bi=mass14%114-3/12;

i14b2=1i14b1;

inerti4=[mass14*a14x(i) massi4*al4y(i) massi4*al4z(i)+massid*g
2/114%i14b1*alp141(i) 2/114%i14b2*alp142(i)];

4 General Angular velocity and accelration calculation for
% the plane 4-8-7 (in Global Coordinates)
%
d1=N4(i,:)-N8(i,:);
d2=N7(i,:)-N8(i,:);
mat=[0 d1(3) -d1(2);-d1(3) 0 d1(1);d2(2) -d2(1) 0];
wvect=[V4(i,1)-v8(i,1);V4(i,2)-v8(i,2);V7(i,3)-v8(i,3)];
wt478=inv(mat)*wvect;
b11=wt478(2)*(wt478(1)*d1(2)-wt478(2)*d1(1))
-wt478(3) *(wt478(3)*d1(2)-wtda78(1)*d1(3));
b21=wt478(3) * (wt478(2)*d1(3)-wt478(3)*d1(2))
-wt478(1)*(wt478(1)*d1(2)-wt478(2)*d1(1));
b32=wt478(1)*(wt478(3)*d2(1)-wt478(1)*d2(3))
-wt478(2) *(wt478(2)*d2(3) -wt478(3)*d2(2));
acvect=[A4(i,1)-A8(i,1)-b11;44(i,2)-A8(i,2)-b21;A7(i,3)-A8(i,3)~-b32];
alp478=inv(mat)*acvect;

% For Member 15

mati5=[eye(3) eye(3);c15(2,:) -c15(2,:);-c156(1,:) c15(1,:)];

fmat15=[zeros(5,66) matl5 zeros(5,45)];

a15x(i)=(A4(i,1)+AT(i,1))/2;

a15y(i)=(A4(i,2)+A7(i,2))/2;

a15z(i)=(A4(i,3)+A7(i,3))/2;

alp151(i)=c15(1,:)*alp478;

alp152(i)=c15(2, :)*alp478;

i15bi=mass15%115°3/12;

i15b2=i15b1;

inert15=[mass15*a15x(i) massi5%a15y(i) mass15*a15z(i)+massi1b*g
2/115%i15b1*alp151(i) 2/115%i15b2*alp152(i)];

%  For Member 16

mati6=[eye(3) eye(3);c16(2,:) -c16(2,:);-c16(1,:) c16(1,:)];
fmat16=[zeros(5,72) mati6 zeros(5,39)];
a16x(i)=(A4(i,1)+A8(i,1))/2;

a16y(i)=(Aa4(i,2)+A8(i,2))/2;

a16z(i)=(A4(i,3)+A8(i,3))/2;
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alp161(i)=c16(1,:)*alp478;

alp162(i)=c16(2, :)*alp478;

inert16=[mass16%*a16x(i) mass16*al6y(i) mass16*a16z(i)+massib*g
2/116%116b1*alp161(i) 2/116%i16b2*alp162(i)];

% General Angular velocity and accelration calculation for
% the plane 5-8-9 (in Global Coordinates)
4

d1=N5(i,:)-N9(i,:);
d2=N8(i,:)-N9(4i,:);
mat=[0 d1(3) -d1(2);-d1(3) 0 di1(1);d2(2) -d2(1) 0];
wvect=[V5(i,1)-v9(i,1);V5(i,2)-v9(i,2);v8(i,3)-Vva(i,3)];
wt589=inv(mat)*wvect;
b1l1=wt589(2)*(wt589(1)*d1(2)-wt589(2)*d1(1))

-wt589(3) * (wt589(3) *d1(2) -wt589(1)*d1(3));
b21=ut589(3)* (wt589(2) *d1(3) -wt589(3)*d1(2))

-wt589(1)*(wt589(1)*d1(2)-wt589(2)*d1(1));
b32=wt589(1)*(wt589(3)*d2(1)-wt589(1)*d2(3))

-wt589(2) * (wt589(2) *d2(3) ~wt589(3)*d2(2)) ;
acvect=[A5(i,1)-A9(i,1)-b11;A5(i,2)-A9(i,2)-b21;A8(i,3)-49(i,3)-b32];
alp689=inv(mat)*acvect;

% For Member 17 '

mati7=[eye(3) eye(3);c17(2,:) =-c17(2,:);-c17(1,:) c17(1,:)];

fmatl17=[zeros(5,78) matl7 zeros(5,33)];

a17x(i)=(A5(i,1)+A8(i,1))/2;

a17y(i)=(A5(i,2)+A8(i,2))/2;

a17z(i)=(A5(i,3)+A8(i,3))/2;

alpi171(i)=c17(1,:)*alpb89;

alp172(i)=c17(2,:)*alp589;

i17bl=massi7*%117°3/12;

1i17b2=i17b1;

inert17=[mass17*ai17x(i) massi7*al7y(i) massi17*al7z(i)+massiT*g
2/117*i17b1*alp171(i) 2/117*i17b2#*alp172(i)];

% For Member 18

mat18=[eye(3) eye(3);c18(2,:) -c18(2,:);-c18(1,:) c18(1,:)];
fmati8=[zeros(5,84) mat18 zeros(5,27)];
a18x(i)=(A5(i,1)+A9(i,1))/2;

a18y(i)=(A5(i,2)+A9(i,2))/2;

a18z(i)=(A5(i,3)+A9(i,3))/2;

alp181(i)=c18(1,:)*alp589;

alp182(i)=c18(2,:)*alp589;

i18bi=mass18%118~3/12;
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i18b2=118b1;
inert18=[mass18*a18x(i) mass18*al18y(i) mass18%a18z(i)+mass18+*g
2/118%i18b1*alp181(i) 2/118%i18b2*alp182(i)];

A Set up angular velocities and angular accelerations for

% the top plane (Plane 7-8-9)

%

d1=N8(i,:)-N9(i,:);

d2=N8(i,:)~-N7(i,:);

topmat1=[0 d1(3) -d1(2);-d1(3) 0 d1(1);-d2(3) 0 d2(1)]1;

wvect1=[V8(i,1)-v9(i,1);v8(i,2)-v9(i,2);Vv8(i,2)-V7(i,2)];

wt789(:,i)=inv(topmatl)*wvecti;

b11=wt789(3,i)*(wt789(3,1i)*d1(1)-wt789(1,i)*d1(3))
-wt789(2,1i)*(wt789(1,i)*d1(2)-wt789(2,i)*d1(1));

b21=wt789(1,i)*(wt789(1,1i)*d1(2)-wt789(2,i)*d1(1))
-wt789(3,1i)*(wt789(2,1)*d1(3)-wt789(3,i)*d1(2));

b22=wt789(1,i)*(wt789(1,1i)*d2(2)-wt789(2,1i)*d2(1))
-wt789(3,1)*(wt789(2,1)*d2(3)-wt789(3,1)*d2(2));

acvect=[A8(i,1)-A9(i,1)+b11;A8(i,2)-A9(i,2)+b21;A8(i,2)-A7(i,2)+b22];

alp789(:,i)=inv(topmatl)*acvect;

%  For Member 19

mati19=[eye(3) eye(3);c19(2,:) -c19(2,:);-c19(1,:) c19(1,:)];

fmat19=[zeros(5,90) matl® zeros(5,21)];

a19x(i)=(A7(i,1)+A9(i,1))/2;

a19y(i)=(A7(i,2)+A9(i,2))/2;

a19z(i)=(A7(i,3)+A9(i,3))/2;

alp191(i)=c19(1,:)*alp789(:,i);

alp192(i)=c19(2,:)*alp789(:,i);

i19b1=mass19%119°3/12;

1i19b2=i19b1;

inert19=[mass19%a19x(i) mass19%a19y(i) mass19*a19z(i)+massi9*g
2/119%119b1%alp191(i) 2/119%i19b2*alp192(i)];

%  For Member 20

mat20=[eye(3) eye(3);c20(2,:) -c20(2,:);-c20(1,:) c20(1,:)];
fmat20=[zeros(5,96) mat20 zeros(5,15)];
a20x(i)=(A7(i,1)+A8(1i,1))/2;

a20y(1)=(A7(i,2)+A8(i,2))/2;

a20z(i)=(A7(i,3)+A8(i,3))/2;

alp201(i)=c20(1, :)*alp789(:,i);
alp202(i)=c20(2,:)*alp789(:,i);
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i20bl=mass20%120°3/12;

120b2=120b1;

inert20=[mass20*a20x(i) mass20%a20y(i) mass20%a20z(i)+mass20%g
2/120%i20b1*alp201(i) 2/120%i20b2*alp202(i)];

%  For Member 21

mat2i=[eye(3) eye(3);c21(2,:) -c21(2,:);-c21(1,:) c21(1,:)];

fmat21=[zeros(5,102) mat21 zeros(5,9)];

a21x(i)=(A8(i,1)+A9(i,1))/2;

a21y(i)=(A8(i,2)+A9(i,2))/2;

a21z(i)=(A8(i,3)+A9(i,3))/2;

alp211(i)=c21(1,:)*alp789(:,i);

alp212(i)=c21(2,:)*alp789(:,i);

i21bi=mass21%121~3/12;

i21b2=i21b1;

inert21=[mass21*a21x(i) mass21*a21y(i) mass21*a21z(i)+mass2i*g
2/121%i21b1*alp211(i) 2/121%i21b2%alp212(i)];

% Now Program in Constraint Equations

%  For Node 1

nmati=[zeros(3,9) eye(3) zeros(3,3) eye(3) zeros(3,90) -eye(3) ...
zeros(3,6)];

% For Node 2
nmat2=[zeros(3,3) eye(3) zeros(3,27) eye(3) zeros(3,75) -eye(3) ...
zeros(3,3)];

% For Node 3
nmat3=[zeros(3,21) eye(3) zeros(3,3) eye(3) zeros(3,84) -eye(3)];

% For Node 4
nmat4=[zeros(3,12) eye(3) zeros(3,3) eye(3) zeros(3,15) eye(3)...
zeros(3,9) eye(3) zeros(3,15) eye(3) zeros(3,3) eye(3)...
zeros(3,42)];

% For Node §

nmat5=[zeros(3,24) eye(3) zeros(3,3) eye(3) zeros(3,6) eye(3)...
eye(3) zeros(3,33) eye(3) zeros(3,3) eye(3) zeros(3,30)];

% For Node 6

nmat6=[eye(3) zeros(3,3) eye(3) zeros(3,36) eye(3) zeros(3,3)...
eye(3) eye(3) zeros(3,3) eye(3) zeros(3,54)];

% For Node 7
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nmat7=[zeros(3,63) eye(3) zeros(3,3) eye(3) zeros(3,18) eye(3)...
zeros(3,6) eye(3) zeros=(3,15)];

% For Node 8
nmat8=[zeros(3,75) eye(3) zeros(3,3) eye(3) zeros(3,12) eye(3)...
zeros(3,3) eye(3) zeros(3,12)];

% For Node 9
nmat9=[zeros(3,57) eye(3) zeros(3,27) eye(3) zeros(3,3) eye(3)...
zeros(3,9) eye(3) =zeros(3,9)];

% For the constraint equations: all resultant forces should

% be zero unless external forces are applied or lumped

% ‘masses are placed at the nodes

coninert=[zeros(1,18) lmass7*A7(i,1)+NN7x lmass7*A7(i,2)+NN7y..
lmass7*(A7(1,3)-g1)+NN7z lmass8*A8(i,1)+NN8x lmass8*A8(i, 2)+NN8y
1mass8*(A8(i,3)-g1)+NN8z lmass9*A9(i,1)+NN9x lmass9*A9(i,2)+NN9y..
lmass9*(A9(i,3)-g1)+NN9z] ;

% Now we have all the components of the overall Force Matrix
% Combine the elements to form the matrix

fmatrix=[fmati;fmat2;fmat3;fmat4;fmat5;fmat6;fmat7;fmat9;fmatil;...
fmati13;fmati4;fmati15;fmat16;fmatl17;fmat18;fmat19;fmat20;..
fmat21;nmatl;nmat2;nmat3;nmat4;nmat5;nmat6 ;nmat7 ;nmat8;nmat9] ;
% Set up the inertial force matrix
finert=[inertl inert2 inert3 inert4 inert5 inert6é inert7 inert9 ...
inertil inert13 inerti4 inert15 inerti16 inertl17 inerti8 ...
inert19 inert20 inert21 coninert]’;
% Find the resulting forces by: Forces = inv(fmatrix)*finert
forces(:,i)=inv(fmatrix)*finert;
%“ Now Find internal forces on members 1 - 6
% Only look at midpoint for our prototype truss with

% strain gages already attached

h For Dynamic Internal Forces

%  For Member 1
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azx=A2(i,1)+3*(A6(i,1)-A2(i,1))/4;
azy=A2(i,2)+3*(A6(i,2)~A2(i,2))/4;
azz=A2(i,3)+3*(A6(i,3)-A2(i,3))/4;
azn=[azx;azy;azz];
azbi=ci(l, :)*azn;
azb2=c1(2, :)*azn;
azb3=c1(3, :)*azn;
ww=mass1*g/2;
fi=c1(1,:)*forces(1:3,1i);
£2=c1(2,:)*forces(1:3,1i);
£3=¢c1(3,:)*forces(1:3,1i);
ibz=i1b1/16;
intmat=[~1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -11/4 0 1 0;...
11/4 0 0 0 -1];
intfv=[massi/2*azbi-f1+c1(1,3)*ww;massl/2*%azb2-f2+c1(2,3) *ww;...
mass1/2%azb3-£3+c1(3,3)*wuw;ibz*alp11(i)+11/4*£f2;...
ibz*alp12(i)-11/4*£1];
intfor=inv(intmat)*intfv;
shear1i(i)=intfor(1);
shear21(i)=intfor(2);
tensioni(i)=intfor(3);
momentii(i)=intfor(4);
moment21(i)=intfor(5);
tstri(i)=tensioni(i)/areaf;
mstrii(i)=momenti11{(i)*cf/ina;
mstr21(i)=moment21(i)*cf/ina;
vstr11{i)=2*sheari11(i)/areaf;
vstr21(i)=2*shear21(i)/areaf;
vmstia(i)=sqrt((abs(mstr11(i))+abs(tstr1(i))) "2+3*vstr11(i)~2);
vmstib(i)=sqrt((abs(mstr21(i))+abs(tstri(i)) ) 2+3%vstr21(i)~2);

% For Member 2

azx=A1(i,1)+3*%(A6(i,1)-A1(i,1))/4;
azy=A1(i,2)+3%(A6(i,2)-A1(i,2))/4;
azz=A1(i,3)+3x(A6(i,3)-A1(i,3))/4;
azn=[azx;azy;azz];

azb1=c2(1, :)*azn;

azb2=c2(2, :)*azn;

azb3=c2(3, :)*azn;

ww=mass2%g/2;
f1=c2(1,:)*forces(7:9,1);
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£2=c2(2, :)*forces(7:9,1);
£3=c2(3, :)*forces(7:9,1);
ibz=i2b1/16;
intmat=[~-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -12/4 0 1 0;...
12/4 0 0 0 -1];
intfv=[mass2/2*azbl-f1+c2(1,3) *ww;mass2/2*%azb2-£2+c2(2,3) *uw; .
mass2/2*azb3-£3+c2(3,3)*ww;ibz*alp21(i)+12/4%£2;. ..
ibz*alp22(i)-12/4*£1];
intfor=inv(intmat)*intfv;
shear12(i)=intfor(1);
shear22(i)=intfor(2);
tension2(i)=intfor(3);
moment12(i)=intfor(4);
moment22{i)=intfor(5);
tstr2(i)=tension2(i)/areaf;
mstri2(i)=moment12(i)*cf/ina;
mstr22(i)=moment22(i)*cf/ina;
vetr12(i)=2*shear12(i)/areaf;
vstr22(i)=2*shear22(i)/areaf;
vmst2a(i)=sqrt((abs(mstri2(i))+abs(tstr2(i))) "2+3*vystr12(i)~2);
vmst2b(i)=sqrt((abs(mstr22(i))+abs(tstr2(i))) "2+3*vstr22(i)~2);

% For Member 3

azx=A1(i,1)+3%(44(i,1)-A1(i,1))/4;

azy=A1(i,2)+3*(44(i,2)-A1(i,2))/4;

azz=A1(i,3)+3%(A4(i,3)-A1(i,3))/4;

azn=[azx;azy;azz];

azbl=c3(1,:)*azn;

azb2=c3(2, : )*azn;

azb3=c3(3, :)*azn;

ww=mass3xg/2;

f1=¢3(1,:)*forces(13:15,1);

£2=c3(2,:)*forces(13:15,1);

£3=c3(3,:)*forces(13:15,1i);

ibz=i3b1/16;

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -13/4 01 0;...

13/4 0 0 0 -1];
intfv=[mass3/2*azb1-f1+c3(1,3)*ww;mass3/2%azb2-£2+c3(2,3) *ww;...
mass3/2%azb3-£3+c3(3,3) ¥ww;ibz*alp31(i)+13/4%£2;. ..

ibz*alp32(i)-13/4%£1];

intfor=inv(intmat)*intfv;

sheari13(i)=intfor(1);

shear23(i)=intfor(2);
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tension3(i)=intfor(3);

moment13(i)=intfor(4);

moment23(i)=intfor(5);

tstr3(i)=tension3(i)/areaf;

mstri3(i)=moment13(i)*cf/ina;

nstr23(i)=moment23(i)*cf/ina;

vstr13(i)=2*shear13(i)/areaf;

vstr23(i)=2*shear23(i)/areaf;
vmst3a(i)=sqrt((abs(mstr13(i))+abs(tstr3(i))) ~2+3*vstri13(i)~2);
vmst3b(i)=sqrt((abs(mstr23(i))+abs(tstr3(i))) "2+3%vstr23(i)~2);

%  For Member 4

azx=A3(i,1)+3*(44(i,1)-43(i,1))/4;
azy=A3(i,2)+3%(A4(i,2)-A3(1,2))/4;
azz=A3(i,3)+3*(A4(i,3)-A3(i,3))/4;
azn=[azx;azy;azz] ;
azbil=c4(1, :)*azn;
azb2=c4(2, :)*azn;
azb3=c4(3, :)*azn;
ww=mass4*g/2;
fi=c4(1,:)*forces(19:21,i);
£2=c4(2,:)*forces(19:21,1);
£3=c4(3,:)*forces(19:21,i);
ibz=i4b1/16;
intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -14/4 0 1 0;...
14/4 0 0 0 -1];
intfv=[mass4/2*azbl-f1+c4(1,3)*ww;masssd/2%azb2-f2+c4(2,3)*uww;...
mass4/2*azb3-£3+c4(3,3)*ww;ibz*alp41(i)+14/4%£2;. ..
ibz*alp42(i)-14/4x*£1];
intfor=inv(intmat)*intfv;
sheari4(i)=intfor(1);
shear24(i)=intfor(2);
tension4(i)=intfor(3);
moment14(i)=intfor(4);
moment24(i)=intfor(5);
tstr4(i)=tensiond4(i)/areaf;
mstri4(i)=moment14(i)*cf/ina;
mstr24(i)=moment24(i)*cf/ina;
vstri4(i)=2*sheari4(i)/areaf;
vetr24(i)=2%shear24(i)/areaf;
vmst4a(i)=sqrt((abs(mstri4(i))+abs(tstra(i))) "2+3*vstri4(i)~2);
vmst4b(i)=sqrt((abs(mstr24(i))+abs(tstr4(i)) ) 2+3%vstr24(i)~2);
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% For Member 5

azx=A3(i,1)+3%(A5(i,1)-A3(i,1))/4;

azy=A3(i,2)+3*(A5(1,2)-A3(i,2))/4;

azz=A3(i,3)+3*(A5(i,3)-A3(i,3))/4;

azn=[azx;azy;azz];

azbl=c5(1,:)*azn;

azb2=c5(2, : ) *azn;

azb3=c5(3, : )*azn;

ww=mass5*g/2;

f1=c¢5(1,:)*forces(25:27,1i);

£2=c5(2, :)*forces(25:27,1i);

£3=c5(3, :)*xforces(25:27,1);

ibz=i5b1/16;

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -15/4 0 1 0;...

15/4 0 0 0 -1];
intfv=[mass5/2*azbl-f1+c5(1,3)*ww;mass5/2%azb2-£2+c5(2,3) *uw;...
mass5/2%azb3-£3+c5(3,3)*ww; ibz*alp51(i)+16/4*£2;. ..

ibz*alp52(i)-15/4*£1];

intfor=inv(intmat)*intfv;

sheari15(i)=intfor(1);

shear25(i)=intfor(2);

tension5(i)=intfor(3);

moment16(i)=intfor(4);

moment25(i)=intfor(5);

tstr5(i)=tension5(i)/areaf;

mstri5(i)=momenti15(i)*cf/ina;

mstr25(i)=moment25(i)*cf/ina;

vstri5(i)=2*shear15(i)/areaf;

vstr25(i)=2*shear25(i) /areaf;

vmst5a(i)=sqrt((abs(mstr15(i))+abs(tstr5(i)))~2+3*vstri5(i)~2);

vmst5b(i)=sqrt((abs(mstr25(i))+abs(tstr5(i))) "2+3*vstr25(i)~2);

% For Member 6

azx=A2(i,1)+3*%(A5(1i,1)-42(i,1))/4;
azy=A2(i,2)+3%(A5(i,2)-A2(i,2))/4;
azz=42(i,3)+3*(A5(1,3)-A2(1,3))/4;
azn=[azx;azy;azz];

azbi=c6(1, :)*azn;

azb2=c6(2, :)*azn;
azb3=c6(3, : ) *azn;

ww=mass6*g/2;
f1=c6(1,:)*forces(31:33,1i);
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£2=c6(2,:)*forces(31:33,i);

£3=c6(3,:)*forces(31:33,1i);

ibz=i6b1/16;

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -16/4 0 1 0;...
16/4 0 0 0 -1];

intfv=[(mass6/2)*azbl-f1+(c6(1,3)*ww) ;mass6/2*azb2-£2+(c6(2,3)*ww) ;...

mass6/2*azb3-£3+c6(3,3) *ww;ibz*alp61(i)+16/4%£2;. ..
ibz*alp62(i)-16/4*£1];
intfor=inv(intmat)*intfv;
shear16(i)=intfor(1);
shear26(i)=intfor(2);
tension6(i)=intfor(3);
moment16(i)=intfor(4);
moment26(i)=intfor(5);
. tstr6(i)=tension6(i)/areaf;
mstri6(i)=momenti6(i)*cf/ina;
mstr26(i)=moment26(i)*cf/ina;
vstr16(i)=2*shear16(i)/areaf;
vstr26(i)=2*shear26(i)/areaf;
vmst6a(i)=sqrt((abs(mstr16(i))+abs(tstr6(i))) ~2+3*vstr16(i)~2);
vmst6b(i)=sqrt((abs(mstr26(i))+abs(tstr6(i))) "2+3*vstr26(i)~2);

% To find cantilever forces for Member 8

Adb=c7*A4(i,:)’;

acg8b1=A4b(1)+alp72(i)*1s/2;

acg8b2=44b(2)-alp71(i)*1s/2;

acg8b3=A4b(3)-(wt71"2+wt72"2) *18/2;

acg8n=c7’*[acg8b1;acg8b2;acg8b3];

ww=masslsx*g;

fl=forces(37,1);

f2=forces(38,1i);

f3=forces(39,1i);

intmat=[1 000 0;01 000;0010 0;18/2.%c7(2,:) 1 0;...
-12/2%c7(1,:) 0 -1];

intfv=[massls*acg8n(1)-f1;massls*acg8n(2)-£2;massls*acg8n(3)-f3+uw;...

iglsb1*alp71(i)+1s/2%c7(2,:)*[£f1;£2;£3];...
iglsb2*alp71(i)-1s/2%c7(1, :)*[£f1;£2;£3]];
lsfor=inv(intmat)*intfv;

f8ni1(i)=1sfor(1); % nl1 direction

force at leadscrew cantilever
£8n2(i)=1sfor(2); % n2 direction

force at leadscrew cantilever
£8n3(i)=1sfor(3); % n3 direction
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force at leadscrew cantilever

m81(i)=1sfor(4); % moment about
bl axis at leadscrew cantilever
m82(i)=1lsfor(5); % moment about

b2 axis at cantilever connection

afor8(:,i)=c7*[£8n1(i);£8n2(i);£8n3(i)]; % forces applied to
leadscrew tube in b dir

actfor8(i)=afor8(3,1i); %linear force applied to leadscrew tube
tstr8(i)=actfor8(i)/areals; J, tensile stress
mstri8(i)=m81(i)*cf/ina;
mstr28(i)=m82(i)*cf/ina;
vstri8(i)=2*xafor8(1,i)/areals;
vstr28(i)=2*afor8(2,1i)/areals;
vmst8a(i)=sqrt((abs(mstri8(i))+abs(tstr8(i))) "2+3*vstri8(i)~2);
vmst8b(i)=sqrt((abs(mstr28(i))+abs(tstr8(i))) "2+3*vstr28(i)~2);

% To find cantilever forces for Member 10

ASb=c9*A5(i,:)’;

acg10b1=A5b(1)+alp92(i)*1$/2;

acg10b2=A5b(2)-alp91(i)*1s/2;

acg10b3=A5b(3)-(wt91~2+wt92"2)*1s8/2;

acglOn=c9’*[acgl0Obl;acglOb2;acgl0b3]; '

ww=massls*g;

fi=forces(43,1i);

f2=forces(44,i);

f3=forces(45,1);

intmat=[1 000 0;01 000;0010 0;1s8/2.%c9(2,:) 1 0;...
-12/2%c9(1,:) 0 -1];

intfv=[massls*acglOn(1)-f1;massls*acglOn(2)-£2;massls*acglOn(3)-£3+uw;...

iglsbi*alp91(i)+1s/2%c9(2,:)*[£1;£2;£3];...
iglsb2*alp91(i)-1s/2%c9(1,:)*[£1;£2;£3]];
lsfor=inv(intmat)*intfv;
fi0n1(i)=lsfor(1l);
£10n2(i)=1sfor(2);
£10n3(i)=1sfor(3);
m101(i)=1sfor(4);
m102(i)=1sfor(5);
afor10(:,i)=c9%[f10n1(i);f10n2(i);f10n3(i)];
actfor10(i)=afor10(3,1i);
tstri0(i)=actfor10(i)/areals;
mstr110(i)=m101(i)*cf/ina;
mstr210(i)=m102(i)*cf/ina;
vstr110(i)=2*afori0(1,i)/areals;
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vstr210(i)=2*afor10(2,i)/areals;
vmsti10a(i)=sqrt((abs(mstr110(i))+abs(tstr10(i))) ~2+3*vstr110(i)~2);
vmst10b(i)=sqrt((abs(mstr210(i))+abs(tstr10(i))) ~2+3*vstr210(i)~2);

% To find cantilever forces for Member 12

A6b=c11*A6(i,:)?;

acg12b1=A6b(1)+alp112(i)*1s/2;

acg12b2=46b(2)-alp111(i)*1s/2;

acg12b3=A6b(3)-(wt111"2+wt112°2)*1s/2;

acgl2n=c11’*[acg12bl;acgl2b2;acgl12b3];

ww=massls*g;

fi=forces(52,1i);

f2=forces(53,1);

f3=forces(54,1i);

intmat=[1 00 0 0;01000;00 10 0;18/2.%c9(2,:) 1 0;...
-12/2%c9(1,:) 0 -1];

intfv=[massls*acgl2n(1)-£f1;massls*acgl2n(2)-£2;massls*acgi2n(3)-£3+uw;.

iglsbixalp111(i)+1s/2*c11(2,:)*[£1;£2;£3];...
iglsb2*alp111(i)-1s/2*c11(1,:)*[£1;£2;£3]];

lsfor=inv(intmat)*intfv;

£12n1(i)=1lsfor(i);

£12n2(i)=1lsfor(2);

£12n3(i)=1lsfor(3);

mi21(i)=1sfor(4);

mi22(i)=1sfor(5);

afor12(:,i)=cli*[f12n1(i);£f12n2(i);£12n3(i)];

actfori2(i)=afor12(3,1i);

tstri2(i)=actfori2(i)/areals;

mstr112(i)=mi21(i)*cf/ina;

mstr212(i)=m122(i)*cf/ina;

vstrii2(i)=2*%afori2(1,i)/areals;

vstr212(i)=2+afori2(2,i)/areals;

vmst12a(i)=sqrt((abs(mstr112(i))+abs(tstri2(i))) "2+3*vstr112(i)~2);

vmst12b(i)=sqrt((abs (mstr212(i))+abs(tstr12(i))) ~2+3*vstr212(i)~2);

% For Member 13

azx=A6(i,1)+3*(A9(i,1)-A6(i,1))/4;
azy=A6(1,2)+3%(A9(i,2)-46(i,2))/4;
azz=A6(i,3)+3*%(A9(i,3)-A6(i,3))/4;
azn=[azx;azy;azz];
azbl=c13(1,:)*azn;
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azb2=c13(2, : ) *azn;

azb3=c13(3, : ) *azn;

ww=mass13*g/2;

f1=c13(1, :)*forces(58:60,i);

£2=c13(2, : ) *xforces(58:60,1);

£3=¢c13(3, : ) *forces(58:60,1i);

ibz=1i13b1/16;

intmat=[-1 0 0 0 0;0 -1 00 0;0 0 -1 0 0;0 -113/4 0 1 0;...
113/4 0 0 0 -1];

intfv=[(mass13/2)*azb1-f1+(c13(1,3)*ww) ;mass13/2%azb2-f2+(c13(2,3)*uw);...

mass13/2%azb3-£3+c13(3,3) *ww;ibz*alp131(i)+113/4%£2;...
ibz*alp132(i)-113/4*£1];

intfor=inv(intmat)*intfv;

shear113(i)=intfor(1);

shear213(i)=intfor(2);

tension13(i)=intfor(3);

moment113(i)=intfor(4);

moment213(i)=intfor(5);

tstri3(i)=tensioni3(i)/areaf;

mstr113(i)=moment113(i)*cf/ina;

nstr213(i)=moment213(i)*cf/ina;

vstr113(i)=2%shear113(i)/areaf;

vstr213(i)=2*%shear213(i)/areaf; ,

vmsti13a(i)=sqrt((abs(mstr113(i))+abs(tstr13(i))) "2+3*vstr113(i)~2);

vmst13b(i)=sqrt((abs(mstr213(i))+abs(tstr13(i))) ~"2+3*vstr213(i)~2);

% For Member 14

azx=A6(i,1)+3*(A7(i,1)-A6(i,1))/4;

azy=A6(i,2)+3*(A7(i,2)-A6(1,2))/4;

azz=A6(i,3)+3*(A7(i,3)-A6(i,3))/4;

azn=[azx;azy;azz];

azbl=c14(1,:)*azn;

azb2=c14(2, :)*azn;

azb3=c14(3, : )*azn;

ww=mass14*g/2;

fi=c14(1, :)*xforces(64:66,1i);

£2=c14(2,:)*forces(64:66,1i);

£3=c14(3, :)*forces(64:66,i);

ibz=i14b1/16;

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -114/4 0 1 0;...

114/4 0 0 0 -1];

intfv=[(mass14/2)*azbi-f1+(c14(1,3)*uw) ;massi4/2*xazb2-£2+(c14(2,3) *ww) ;.

mass14/2%azb3-£3+c14(3,3)*uw;ibz*alp141(i)+114/4%£2; ...
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ibz*alp142(i)-114/4x£1];
intfor=inv(intmat) *intfv;
sheari114(i)=intfor(1);
shear214(i)=intfor(2);
tensioni4(i)=intfor(3);
momenti14(i)=intfor(4);
moment214(i)=intfor(5);
tstri4(i)=tensioni4(i)/areaf;
mstril4(i)=moment114(i)*cf/ina;
mstr214(i)=moment214(i)*cf/ina;
vstrii14(i)=2xshear114(i)/areaf;
vstr214(i)=2+shear214(i)/areaf;
vmsti4a(i)=sqrt((abs(mstr114(i))+abs(tstr14(i))) ~"2+3*vstr114(i)~2);
vmst14b(i)=sqrt((abs(mstr214(i))+abs(tstr14(i))) "2+3*vstr214(i)~2);

% For Member 15

azx=A4(i,1)+3%(A7(i,1)-44(i,1))/4;

azy=A4(i,2)+3*(A7(i,2)-44(1,2))/4;

azz=A4(i,3)+3*(A7(i,3)-A4(i,3))/4;

azn=[azx;azy;azz];

azbi=c15(1,:)*azn;

azb2=c15(2, : ) *azn;

azb3=c16(3, : ) *azn;

ww=mass15xg/2;

f1=c15(1, : Y*forces(70:72,1i);

£2=c15(2, : ) *forces(70:72,1i);

£3=c15(3,:)*forces(70:72,1i);

ibz=i15b1/16;

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -116/4 0 1 0;...
115/4 0 0 0 -1];

intfv#[(mas515/2)*azbi-f1+(c15(1,3)*wv);mass15/2*azb2-f2+(c15(2,3)*ww);...

mass15/2%azb3-£3+c15(3,3) *ww;ibz*alp151(i)+115/4*£2;...

ibz*alp152(i)-115/4%£1];
intfor=inv(intmat)*intfv;
shear115(i)=intfor(1);
shear215(i)=intfor(2);
tensioni5(i)=intfor(3);
moment115(i)=intfor(4);
moment215(i)=intfor(5);
tstriS(i)=tensioni5(i)/areaf;
mstr115(i)=moment115(i)*cf/ina;
mstr215(i)=moment215(i)*cf/ina;
vstr115(i)=2*shear115(i)/areaf;
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vstr216(i)=2%shear215(i)/areaf;
vmsti5a(i)=sqrt((abs(mstr115(i))+abs(tstri5(i))) "2+3*vstr115(i)~2);
vmst15b(i)=sqrt((abs(mstr215(i))+abs(tstr15(i))) ~2+3*vstr215(i)~2);

% For Member 16

azx=A4(i,1)+3*(A8(i,1)-A4(i,1))/4;

azy=A4(i,2)+3*(A8(i,2)-A4(i,2))/4;

azz=A4(i,3)+3*%(A8(i,3)-44(i,3))/4;

azn=[azx;azy;azz];

azbl=c16(1, :)*azn;

azb2=c16(2, : ) *azn;

azb3=c16(3, :)*azn;

ww=massi6*g/2;

f1=c16(1,:)*forces(76:78,1i);

£2=¢c16(2, : )*forces(76:78,1);

£3=c16(3,:)*forces(76:78,i);

ibz=i16b1/16;

intmat={-1 0 0 0 0;0 -1 00 0;0 0 -1 0 0;0 -116/4 0 1 0;...

116/4 0 0 0 -1];

intfv=[(mass16/2)*azb1-f1+(c16(1,3) *ww) ;mass16/2*%azb2-f2+(c16(2,3)*ww) ;...
massi6/2%azb3-£3+c16(3,3)*ww;ibz*alp161(i)+116/4%£2;. ..
ibz*alp162(i)-116/4%£1];

intfor=inv(intmat)*intfv;

shear116(i)=intfor(1);

shear216(i)=intfor(2);

tension16(i)=intfor(3);

moment116(i)=intfor(4);

moment216(i)=intfor(5);

tstri6(i)=tension16(i)/areaf;

mstr116(i)=moment116(i)*cf/ina;

mstr216(i)=moment216(i)*cf/ina;

vstri16(i)=2%shear116(i)/areaf;

vstr216(i)=2*shear216(i)/areaf;

vmsti6a(i)=sqrt((abs(mstr116(i))+abs(tstr16(i))) ~2+3*vstr116(i)~2);

vmst16b(i)=sqrt((abs(mstr216(i))+abs(tstr16(i))) "2+3*vstr216(i)~2);

%  For Member 17
azx=A5(i,1)+3*%(A8(i,1)-A5(i,1))/4;

azy=A5(i,2)+3%(A8(i,2)-A5(i,2))/4;
azz=A5(i,3)+3*(A8(i,3)-A5(i,3))/4;
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azn=[azx;azy;azz];

azbi=c17(1,:)*azn;

azb2=c17(2, :)*azn;

azb3=c17(3,:)*azn;

ww=massi7*g/2;

f1=c17(1,:)*forces(82:84,1i);

£2=¢c17(2, : )*forces(82:84,i);

£3=c17(3, : ) *xforces(82:84,1i);

ibz=i17b1/16;

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 O -1 0 0;0 -117/4 0 1 0;...
117/4 0 0 0 -1];

intfv=[(massi17/2)*azbl-f1+(c17(1,3)*ww) ;mass17/2%azb2-£2+(c17(2,3)*ww) ;...

mass17/2%azb3-£3+c17(3,3) *ww;ibz*alp171(i)+117/4*£2;...
ibz*alp172(i)-117/4*£1];

intfor=inv(intmat)*intfv;

shear117(i)=intfor(1);

shear217(i)=intfor(2);

tensionl17(i)=intfor(3);

moment117(i)=intfor(4);

moment217(i)=intfor(5);

tstri7(i)=tensioni17(i)/areaf;

mstri17(i)=moment117(i)*cf/ina;

mstr217 (i)=moment217(i)*cf/ina;

vetri117(i)=2*%shear117(i)/areaf;

vstr217(i)=2*shear217(i)/areaf;

vmst17a(i)=sqrt((abs(mstr117(i))+abs(tstri7(i))) "2+3*vstr117(i)~2);

vmst17b(i)=sqrt((abs(mstr217(i))+abs(tstri7(i))) ~2+3*vstr217(i)~2);

% For Member 18

azx=A5(i,1)+3*(A9(i,1)-A5(i,1))/4;
azy=A5(i,2)+3*(A9(i,2)-A5(i,2))/4;
azz=A5(i,3)+3*(A9(i,3)-A5(i,3))/4;
azn=[azx;azy;azz];
azbl=c18(1,:)*azn;

azb2=c18(2, :)*azn;
azb3=c18(3, : ) *azn;

ww=mass18%g/2;
f1=c18(1,:)*forces(88:90,i);
£2=c18(2, : ) *forces(88:90,1);
£3=c18(3,:)*forces(88:90,i);
ibz=i18b1/16;

intmat=[-1 0 0 0 0;0 -1 00 0;0 0 -1 0 0;0 -118/4 0 1 0;...
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118/4 0 0 0 -1];

intfv=[(mass18/2)*azbi-f1+(c18(1,3)*ww) ;mass18/2%azb2-f2+(c18(2,3)*ww) ;...

mass18/2¥azb3-£3+c18(3,3)*ww;ibz*alp181(i)+118/4*£2;...
ibz*alp182(i)-118/4%£f1];

intfor=inv(intmat)*intfv;

shear118(i)=intfor(1);

shear218(i)=intfor(2);

tensioni8(i)=intfor(3);

moment118(i)=intfor(4);

moment218(i)=intfor(5);

tstri8(i)=tension18(i)/areaf;

mstr118(i)=moment118(i)*cf/ina;

mstr218(i)=moment218(i)*cf/ina;

vstr118(i)=2%shear118(i)/areaf;

vstr218(i)=2%shear218(i)/areaf;

vmst18a(i)=sqrt((abs(mstr118(i))+abs(tstr18(i))) "2+3*vstr118(i)~2);

vmst18b(i)=sqrt((abs(mstr218(i))+abs(tstr18(i))) ~2+3*vstr218(i)~2);

%  For Member 19

azx=A7(i,1)+3*%(A9(i,1)-A7(i,1))/4;

azy=A7(i,2)+3%(A9(i,2)-A7(i,2))/4;

azz=A7(i,3)+3%(A9(i,3)-A7(i,3))/4;

azn=[azx;azy;azz];

azbl=c19(1, : ) *azn;

azb2=c19(2, :)*azn;

azb3=c19(3, :) *azn;

ww=mass19%g/2;

f1=c19(1, :)*forces(94:96,1i);

£2=¢c19(2, : )*forces(94:96,1i);

£3=c19(3, : )*forces(94:96,1i);

ibz=i19b1/16;

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -119/4 0 1 0;...
119/4 0 0 0 -1];

intfv=[(mass19/2)*azb1-£f1+(c19(1,3)*ww) ;mass19/2*azb2-£2+(c19(2,3)*ww) ;...

mass19/2xazb3-£3+c19(3,3) *ww;ibz*alp191(i)+119/4%£2;...
ibz*alp192(i)-119/4*f1];

intfor=inv(intmat)*intfv;

shear119(i)=intfor(1);

shear219(i)=intfor(2);

tension19(i)=intfor(3);

moment119(i)=intfor(4);

moment219(i)=intfor(5);

tstri9(i)=tension19(i)/areaf;
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mstri19(i)=moment119(i)*cf/ina;
mstr219(i)=moment219(i)*cf/ina;
vstr119(i)=2*sheari119(i)/areaf;
vstr219(i)=2*shear219(i) /areaf;
vmst19a(i)=sqrt((abs(mstr119(i))+abs(tstr19(i))) "2+3*vstr119(i)~2);
vmst19b(i)=sqrt((abs(mstr219(i))+abs(tstri9(i))) "2+3*vstr219(i)~2);

% For Member 20

azx=AT7(i,1)+3%(A8(i,1)-A7(i,1))/4;
azz=A7(i,3)+3%x(A8(i,3)-47(i,3))/4;
azn=[azx;azy;azz];
azb1=c20(1, : }*azn;
azb2=¢20(2, : ) *azn;
azb3=c20(3, :)*azn;
ww=mass20%g/2;
£1=¢c20(1, : )*forces (100:102,1i);
£2=c20(2, : ) *forces(100:102,1i);
£3=c20(3, : ) *forces(100:102,1);
ibz=i20b1/16;
intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -120/4 0 1 O;...
120/4 0 0 0 -1];
intfv=[(mass20/2)*azbl1-f1+(c20(1,3) *ww) ;mass20/2*azb2-£2+(c20(2,3) *ww) ;..
mass20/2%azb3-£3+c20(3,3) *ww;ibz*alp201(i)+120/4*£2;. ..
ibz*alp202(i)-120/4%£1];
intfor=inv(intmat)*intfv;
shear120(i)=intfor(1);
shear220(i)=intfor(2);
tension20(i)=intfor(3);
moment120(i)=intfor(4);
moment220(i)=intfor(5);
tstr20(i)=tension20(i)/areaf;
mstr120(i)=moment120(i)*cf/ina;
mstr220(i)=moment220(i)*cf/ina;
vstr120(i)=2*shear120(i)/areaf;
vstr220(i)=2*shear220(i)/areaf;
vmst20a(i)=sqrt((abs(mstr120(i))+abs(tstr20(i))) ~2+3*vetr120(i)~2);
vmst20b(i)=sqrt((abs(mstr220(i))+abs(tstr20(i))) ~2+3*vstr220(i)~2);

%  For Member 21

azx=A8(i,1)+3*x(A9(i,1)-A8(i,1))/4;
azy=A8(1,2)+3%(A9(i,2)-48(i,2))/4;
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azz=A8(i,3)+3%(A9(i,3)-48(i,3))/4;

azn=[azx;azy;azz];

azbi=c21(1,:)*azn;

azb2=c21(2, :)*azn;

azb3=c21(3,:)*azn;

ww=mass21*g/2;

f1=c21(1,:)*forces(106:108,i);

£2=c21(2, : ) *forces(106:108,1i);

£3=c21(3, : )*forces(106:108,1i);

ibz=i21b1/16;

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -121/4 0 1 0;...
121/4 0 0 0 -1];

intfv=[(mass21/2)*azbl-f1+(c21(1,3)*ww) ;mass21/2*azb2-£2+(c21(2,3)*ww) ;...

mass21/2*azb3-£3+c21(3,3) *ww;ibz*alp211(i)+121/4%£2;...
ibz*alp212(i)-121/4%£1];

intfor=inv(intmat)*intfv;

shear121(i)=intfor(1);

shear221(i)=intfor(2);

tension2i(i)=intfor(3);

momenti121(i)=intfor(4);

moment221(i)=intfor(5);

tstr21(i)=tension21(i)/areaf;

mstri21(i)=moment121(i)*cf/ina;

mstr221(i)=moment221(i)*cf/ina;

vstri21i(i)=2*shear121(i)/areaf;

vstr221(i)=2#*shear221(i)/areaf;

vmst2ia(i)=sqrt((abs(mstr121(i))+abs(tstr21(i))) "2+3*vstr121(i)~2);

vmst21b(i)=sqrt((abs(mstr221(i))+abs(tstr21(i))) "2+3*vstr221(i)~2);

% Now need to check buckling for fixed members
h Define Buckling Failure Load
Pcrf=pi~2*%E*ina/11°2;

% Now find maximum compressive load in each member
% For Member 1

maxfi=abs(min(tensioni));

% For Member 2

maxf2=abs(min(tension2));

% For Member 3

maxf3=abs(min(tension3));

% For Member 4

maxf4=abs(min(tension4));

% For Member 5

maxf5=abs(min(tensionb));
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% For Member 6
maxf6=abs(min(tension6));

% For Member 13
maxfi13=abs(min(tensioni3));
% For Member 14
maxfid=abs(min(tensioni4));
% For Member 15
maxfi5=abs(min(tensionis));
% For Member 16
maxfi6=abs(min(tensioni6));
% For Member 17
maxfi7=abs(min(tensioni7));
A For Member 18
maxf18=abs(min(tensioni8));
% For Member 19
maxf19=abs(min(tensioni9));
% For Member 20
maxf20=abs (min(tension20));
% For Member 21
maxf21=abs(min(tension21));

% Now Calculate static values

% Set up static inertial force vectors for each member
stinert1=[0 O massi*g 0 0];

stinert2=[0 O mass2*g 0 0];
stinert3=[0 O mass3%g O O];
stinert4=[0 O mass4x*g 0 0];
stinert5=[0 O massb*g 0 0];
stinert6=[0 O massé*g 0 0];
stinert7=[0 0 mass7*g 0 0];
stinert9=[0 0 mass9%g 0 0];

stinert11=[0 0 massilxg 0 0];
stinert13=[0 0 massi13*g 0 0];
stinert14=[0 O massi4xg 0 0];
stinert15=[0 O massib*g O 0];
stinert16=[0 0 massi6xg O 0];
stinert17=[0 O massi7*g 0 0];
stinert18=[0 O massi8xg 0 0];
stinert19=[0 O massi9%g 0 0];
stinert20=[0 0 mass20%xg O 0];

stinert21=[0 0 mass21xg 0 0];

% Set up static constraint equations

stconin=[zeros(1,18) NN7x NN7y -lmass7*gi+NN7z NN8x NN8y...
-lmass8*g1+NN8z NNO9x NNO9y -lmassO*gl+NN9z];
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% Set up the static inertial force matrix

stfinert=[stinertl stinert2 stinert3 stinert4 stinertS stinert6 ...
stinert7 stinert9 stinertiil stinert13 stinerti4 stinertiS5...
stinert16 stinert17 stinert18 stinert19 stinert20 stinert2i...
stconin]’;

% Find the resulting forces by: StForces = inv(fmatrix)*stfinert
Stforces(:,i)=inv(fmatrix)*stfinert;

% Now have nodal forces for static model at each time step
% Need to find internal forces at each time step

% Static Internal Forces

% For member 1

ww=masslxg/2;

fi=c1(1,:)*Stforces(1:3,i);

£2=c1(2,:)*Stforces(1:3,1i);

£3=c1(3,:)*Stforces(1:3,1i);

intmat={-1 00 0 0;0 -1 00 0;0 0 -1 0 0;0 -11/40 1 0;11/40 0 0 -1];
intfv=[-f1+c1(1,3)*ww;-f2+c1(2,3) *ww;-f3+c1(3,3) *ww;11/4%f2;-11/4%*f1];
intfor=inv(intmat)*intfv;

sheariis(i)=intfor(1); L
shear21s(i)=intfor(2);

tensionis(i)=intfor(3);

momentiis(i)=intfor(4);

moment21s(i)=intfor(5);

tstris(i)=tensionis(i)/areaf;

mstrils(i)=momentiis(i)*cf/ina;

mstr2is(i)=moment21is{i)*cf/ina;

vstrils(i)=2*sheariis(i)/areaf;

vstr21s(i)=2*shear21s(i)/areaf;
vmstlas(i)=sqrt((abs(mstriis(i))+abs(tstris(i))) "2+3*vstriis(i)~2);
vmstibs(i)=sqrt((abs(mstr2is(i))+abs(tstris(i))) “2+3*vstr21s(i)~2);

% For member 2

ww=mass2*g/2;

f1=c2(1,:)*Stforces(7:9,1);

£2=c2(2, :)*Stforces(7:9,1);

£3=¢2(3,:)*Stforces(7:9,1);

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -12/4 0 1 0;12/4 0 0 0 -1];
intfv=[-f1+c2(1,3) *ww;-f2+c2(2,3) *uw;-£3+c2(3,3) *¥ww;12/4%£2;-12/4%f1] ;
intfor=inv(intmat)*intfv;

sheari12s(i)=intfor(1);
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shear22s(i)=intfor(2);

tension2s(i)=intfor(3);

momenti2s(i)=intfor(4);

moment22s(i)=intfor(5);

tstr2s(i)=tension2s(i)/areaf;

mstri12s(i)=moment12s(i)*cf/ina;

mstr22s(i)=moment22s(i)*cf/ina;

vetri2s(i)=2%sheari12s(i)/areaf;

vstr22s(i)=2%shear22s(i)/areaf;
vmst2as(i)=sqrt((abs(mstri2s(i))+abs(tstr2s(i))) "2+3*vstri2s(i)~2);
vmst2bs(i)=sqrt((abs(mstr22s(i))+abs(tstr2s(i))) "2+3*vstr22s(i)~2);

% For member 3

ww=mass3xg/2;

f1=c3(1,:)*Stforces(13:15,1i);

£2=c3(2,:)*Stforces(13:15,1i);

£3=c3(3,:)*Stforces(13:15,1i);

intmat=[~-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -13/4 0 1 0;13/4 0 0 0 -1];
intfv=[~f1+c3(1,3) %uw; ~-£2+c3(2,3) *ww;-£3+c3(3,3) *uw;13/4%£2;-13/4%f1] ;
intfor=inv(intmat)*intfv;

sheari3s(i)=intfor(1l);

shear23s(i)=intfor(2);

tension3s(i)=intfor(3);

momenti3s(i)=intfor(4);

moment23s(i)=intfor(s);

tstr3s(i)=tension3s(i)/areaf;

mstri3s(i)=momenti13s(i)*cf/ina;

mstr23s(i)=moment23s(i)*cf/ina;

vstri3s(i)=2*shear13s(i)/areaf;

vetr23s(i)=2xshear23s(i)/areaf;

vmst3as (i)=sqrt((abs(mstri3s(i))+abs(tstr3s(i))) "2+3*vstri13s(i)~2);
vmst3bs(i)=sqrt((abs(mstr23s(i))+abs(tstr3s(i))) "2+3*vstr23s(i)~2);

% For member 4

ww=mass4*g/2;

fi=c4(1,:)*Stforces(19:21,1i);

£2=c4(2,:)*Stforces(19:21,1i);

£3=c4(3,:)*Stforces(19:21,1i);

intmat=[~1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -14/4 0 1 0;14/4 0 0 0 -1];
intfv=[-f1+c4(1,3) *ww;-£2+c4(2,3) *ww;-£3+c4(3,3) *ww;14/4%f2;-14/4%£1] ;
intfor=inv(intmat)*intfv;

sheari4s(i)=intfor(1);

shear24s(i)=intfor(2);

tensionds(i)=intfor(3);
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momenti4s(i)=intfor(4);

moment24s (i)=intfor(5);

tstr4s(i)=tension4s(i)/areaf;

mstril4s(i)=momenti4s(i)*cf/ina;

mstr24s(i)=moment24s(i)*cf/ina;

vstrids(i)=2#*sheari4s(i)/areaf;

vstr24s(i)=2%shear24s(i)/areaf;
vmstéas(i)=sqrt((abs(mstri4s(i))+abs(tstras(i))) "2+3+vstri4s(i)~2);
vmst4bs (1) =sqrt((abs(mstr24s(i))+abs(tstrds(i))) "2+3*vstr24s(i)~2);

% For member 5

ww=mass5*g/2;

f1=c5(1,:)*Stforces(25:27,1);

£2=c5(2,:)*Stforces(25:27,1i);

£3=c5(3, :)*Stforces(25:27,1i);

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -15/4 0 1 0;15/4 0 0 0 ~-1];
intfv=[-f1+c5(1,3)*ww;-£2+c5(2,3) *ww;-f3+c5(3,3) *ww;15/4%f2;-15/4%f1] ;
intfor=inv(intmat)*intfv;

shearibs(i)=intfor(1);

shear25s(i)=intfor(2);

tensionSs(i)=intfor(3);

moment15s(i)=intfor(4);

moment25s(i)=intfor(5);

tstrSs(i)=tensionb5s(i)/areaf;

mstri5s(i)=momentiSs(i)*cf/ina;

mstr25s(i)=moment25s(i)*cf/ina;

vstri5s(i)=2*sheariSs(i)/areaf;

vetr25s(i)=2%shear25s(i)/areaf;
vmst5as(i)=sqrt((abs(mstriSs(i))+abs(tstr5s(i))) “2+3*vstribs(i)~2);
vmst5bs (i)=sqrt((abs(mstr25s(i))+abs(tstr5s(i))) ~2+3*vstr25s(i)~2);

% For member 6

ww=mass6xg/2;

f1=c6(1,:)*Stforces(31:33,1i);

£2=c6(2, :)*Stforces(31:33,1);

£3=c6(3,:)*Stforces(31:33,1);

intmat=[~-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -16/4 0 1 0;16/4 0 0 O -1];
intfv={-f1+(c6(1,3) *wuw) ;~£2+(c6(2,3)*uw) ; -£3+c6(3,3)*ww;16/4%£2;-16/4*f1] ;
intfor=inv(intmat)*intfv;

shear16s(i)=intfor(1);

shear26s(i)=intfor(2);

tension6s(i)=intfor(3);

moment16s(i)=intfor(4);
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moment26s (i)=intfor(s);

tstr6s(i)=tension6s(i)/areaf;

mstri6s(i)=moment16s(i)*cf/ina;

mstr26s (i)=moment26s(i)*cf/ina;

vetri6s(i)=2*sheari6s(i)/areaf;

vstr26s(i)=2*shear26s(i)/areaf;
vmst6as(i)=sqrt((abs(mstri6s(i))+abs(tstrés(i))) "2+3*vstri6s(i)-2);
vmst6bs (i)=sqrt((abs(mstr26s(i))+abs(tstrés(i))) ~2+3*vstr26s(i)~2);

% For member 8

ww=massls*g;

fi1=Stforces(37,i);

f2=Stforces(38,i);

£3=Stforces(39,i);

intmat=[1 0 0 0 0;0 1 0 0 0;0 0 1 0 0;18/2.%c7(2,:) 1 0;...

-12/2%c7(1,:) 0 -1];

intfv=[-f1;-£2;-f3+ww;1s/2%c7(2,:)*[£1;£2;£3];..
~1s/2%c7(1,:)*[f1;f2;£3]1];

lsfor=inv(intmat)*intfv;

f8nis(i)=lsfor(1);

£8n2s(i)=1sfor(2);

£8n3s(i)=1sfor(3);

m81s(i)=lsfor(4);

m82s(i)=1sfor(5);

afor8s(:,i)=c7*[f8n1s(i) ;£8n2s(i) ;£8n3s(i)];

actfor8s(i)=afor8s(3,i);

tstr8s(i)=actfor8s(i)/areals;

mstri8s(i)=m81s(i)*cf/ina;

mstr28s(i)=m82s(i)*cf/ina;

vstri8s(i)=2%afor8s(1,i)/areals;

vstr28s(i)=2*afor8s(2,i)/areals;

vmst8as(i)=sqrt((abs(mstri8s(i))+abs(tstr8s(i))) ~"2+3*vstri8s(i)~2);

vmst8bs (i) =sqrt((abs(mstr28s(i))+abs(tstr8s(i))) ~2+3*vstr28s(i)~2);

% For member 10

ww=masslskg;

f1=Stforces(43,1i);

f2=Stforces(44,1i);

f3=Stforces(45,i);

intmat=[1 00 0 0;01 000;00 10 0;1s/2.%c9(2,:) 1 0;...

-12/2%c9(1,:) 0 -1];

intfv=[-f1;-£2;-£3+uw;1s/2%c9(2,:)*[f1;£2;£3];...

-1s/2*c9(1,:)*[f1;£2;£3]1];
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lsfor=inv(intmat)*intfv;

fi0nis(i)=lsfor(1);

f10n2s(i)=1sfor(2);

£10n3s(i)=1sfor(3);

mi0is(i)=1sfor(4);

m102s(i)=1lsfor(5);

aforiOs(:,i)=c9%[f10nis(i) ;£10n2s(i);f10n3s(i)];
actforiOs(i)=afor10s(3,i);

tstriOs(i)=actforiOs(i)/areals;

mstr110s(i)=m101s(i)*cf/ina;

mstr210s(i)=m102s(i)*cf/ina;

vstr110s(i)=2%aforiOs(1,i)/areals;

vstr210s(i)=2*afor10s(2,i)/areals;
vmsti0as(i)=sqrt((abs(mstr110s(i))+abs(tstri0s(i)))~2+3xvstr110s(i)~2);
vmst10bs(i)=sqrt ((abs(mstr210s(i))+abs(tstri0s(i))) “2+3*vstr210s(i)~2);

% To find cantilever forces for Member 12

ww=massls*g;

f1=Stforces(52,i);

f2=Stforces(53,i);

f3=Stforces(54,i);

intmat=[1 0 0 0 0;01 00 0;0 010 0;1s8/2.%c9(2,:) 1 0;...

-12/2%c9(1,:) 0 -1];

intfv=[-f1;-£2;-£3+ww;1s/2%c11(2, :)*[f1;£2;£3];...
~1s8/2*c11(1,:)*[f1;£2;£3]];

lsfor=inv(intmat)*intfv; '

f12nis(i)=1sfor(1);

£12n2s(i)=1sfor(2);

£12n3s(i)=1sfor(3);

mi2is(i)=lsfor(4);

mi22s(i)=1sfor(5);

afor12s(:,i)=c11%[f12n1s(i);f12n2s(i);f12n3s(i)];

actfori2s(i)=afor12s(3,i);

tstri2s(i)=actfori2s(i)/areals;

mstri12s(i)=mi121s(i)*cf/ina;

mstr212s(i)=m122s(i)*cf/ina;

vstrii2s(i)=2*%afori2s(i,i)/areals;

vstr212s(i)=2%afori12s(2,i)/areals;

vmsti2as(i)=sqrt((abs(mstri112s(i))+abs(tstri2s(i))) "2+3*vstri12s(i)~2);

vmst12bs(i)=sqrt((abs(mstr212s(i))+abs(tstri2s(i))) "2+3*vstr212s(i)~2);

%  For Member 13
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ww=mass13%g/2;

f1=c13(1, :)*Stforces(58:60,i);

£2=¢13(2, : ) *Stforces(58:60,1i);

£3=c13(3,:)*Stforces(58:60,i);

intmat=[~-1 0 0 0 0;0 -1 0 0 0;0 O -1 0 0;0 -113/4 0 1 0;...

113/4 0 0 0 ~1];

intfv=[-£1+(c13(1,3)*uw) ;-£2+(c13(2,3) *ww) ; -£f3+c13(3,3) *ww;..
113/4%£2;-113/4%£1];

intfor=inv(intmat)*intfv;

shear113s(i)=intfor(1);

shear213s(i)=intfor(2);

tension13s(i)=intfor(3);

moment113s(i)=intfor(4);

moment213s(i)=intfor(s);

tstri3s(i)=tensioni3s(i)/areaf;

mstri13s(i)=moment113s(i)*cf/ina;

mstr213s(i)=moment213s(i)*cf/ina;

vstri113s(i)=2*sheari113s(i)/areaf;

vstr213s(i)=2*shear213s(i)/areaf;

vmsti3as(i)=sqrt((abs(mstrii3s(i))+abs(tstri3s(i)))"2+3*vstri13s(i)~2);

vmst13bs(i)=sqrt((abs(mstr213s(i))+abs(tstri13ds(i))) ~2+3*vstr213s(i)~2);

% For Member 14

ww=mass14*g/2;

fi=¢c14(1, :)*Stforces(64:66,i);

£2=c14(2, :)*Stforces(64:66,1i);

£3=c14(3, : )*¥Stforces(64:66,i);

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -114/4 0 1 0;114/4 0 0 0 -1];

intfv=[-f1+(c14(1,3) *uw) ;-£2+(c14(2,3) *ww) ; -£3+c14(3,3) *uw;...
114/4%£2;-114/4*£1] ;

intfor=inv(intmat)*intfv;

sheari114s(i)=intfor(1l);

shear214s(i)=intfor(2);

tensionlds(i)=intfor(3);

momenti14s(i)=intfor(4);

moment214s(i)=intfor(5);

tstrids(i)=tensionids(i)/areaf;

mstrii4s(i)=moment114s(i)*cf/ina;

mstr2i4s(i)=moment214s(i)*cf/ina;

vstri114s(i)=2%shearii4s(i)/areaf;

vstr214s(i)=2+shear214s(i)/areaf;

vmsti4as(i)=sqrt((abs(mstrii4s(i))+abs(tstri4s(i))) "2+3*vstriids(i)~2);
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vmst14bs(i)=sqrt((abs(mstr214s(i))+abs(tstri4s(i))) ~2+3*vstr214s(i)~2);

% For Member 15

ww=mass15%g/2;

fi1=c15(1,:)*Stforces(70:72,1);

£2=c15(2, : )*Stforces(70:72,1);

£3=c156(3, : )*Stforces(70:72,1i);

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -115/4 0 1 0;115/4 0 0 0 -1];

intfv=[-£f1+(c15(1,3) *ww) ; -£2+(c15(2,3) *ww) ; -£3+c15(3,3) *ww;...
115/4%£2;-116/4%£1] ;

intfor=inv(intmat)*intfv;

shear115s(i)=intfor(1);

shear215s(i)=intfor(2);

tensioniSs(i)=intfor(3);

moment115s(i)=intfor(4);

moment215s(i)=intfor(5);

tstri5s(i)=tensioni5s(i)/areaf;

mstr115s(i)=moment115s(i)*cf/ina;

mstr215s(i)=moment215s(i) *cf/ina;

vstriibs(i)=2*shear115s(i)/areaf;

vstr215s(i)=2%shear215s(i)/areaf; :

vmstiSas(i)=sqrt((abs(mstr116s(i))+abs(tstri6s(i))) ~2+3*vstr116s(i)~2);

vmst15bs(i)=sqrt((abs(mstr215s(i))+abs(tstribs(i))) ~2+3*vstr2156s(i)~2);

% For Member 16

ww=massi6*g/2;

fi=c16(1,:)*Stforces(76:78,1);

£2=c16(2, :)*Stforces(76:78,1i);

£3=c16(3, :)*Stforces(76:78,1i);

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -116/4 0 1 0;116/4 0 0 0 -1];

intfv=[-f1+(c16(1,3) *uw) ;-£2+(c16(2,3) *ww) ; ~£3+c16(3,3) *ww;.
116/4%£2;-116/4%£1] ;

intfor=inv(intmat)*intfv;

shear116s(i)=intfor(1);

shear216s(i)=intfor(2);

tensioni6s(i)=intfor(3);

moment116s(i)=intfor(4);

moment216s(i)=intfor(5);

tstri6s(i)=tensioni16s(i)/areaf;

mstrii16s{i)=moment116s(i)*cf/ina;
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mstr216s(i)=moment216s(i)*cf/ina;
vstr116s(i)=2*shear116s(i)/areaf;
vstr216s(i)=2%shear216s(i)/areaf;
vmst16as(i)=sqrt((abs(mstr116s(i))+abs(tstr16s(i))) "2+3*vstri16s(i)~2);
vmst16bs(i)=sqrt((abs(mstr216s(i))+abs(tstri6s(i))) ~2+3*vstr216s(i)~2);

% For Member 17

ww=mass17*g/2;

f1=c17(1, :)*Stforces(82:84,i);

£2=¢17(2, :)*Stforces(82:84,1);

£3=c17(3, :)*Stforces(82:84,1i);

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -117/4 0 1 0;117/4 0 0 O -1];

intfv=[~f1+(c17(1,3)*ww) ;-£2+(c17(2,3) *ww) ; -£3+c17(3,3) *uw;...
117/4%£2;-117/4%£1] ;

intfor=inv(intmat)*intfv;

shear117s(i)=intfor(1);

shear217s(i)=intfor(2);

tensioni7s(i)=intfor(3);

moment117s(i)=intfor(4);

moment217s(i)=intfor(5);

tstri7s(i)=tension17s(i)/areaf;

mstrii7s(i)=moment117s(i)*cf/ina;

mstr217s(i)=moment217s(i)*cf/ina;

vstr117s(i)=2#shear117s(i)/areaf;

vstr217s(i)=2#*shear217s(i)/areaf;

vmsti7as(i)=sqrt((abs(mstr117s(i))+abs(tstri7s(i))) “2+3*vstri17s(i)~2);

vmst17bs(i)=sqrt((abs(mstr217s(i))+abs(tstri7s(i))) “2+3*vstr217s(i)"~2);

% For Member 18

ww=mass18%g/2;

f1=c18(1,:)*Stforces(88:90,1i);

£2=c18(2, :)*Stforces(88:90,1i);

£3=c18(3, : ) *Stforces(88:90,1i);

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -118/4 0 1 0;118/4 0 0 0 -1];

intfv=[-f1+(c18(1,3) *ww) ;-f2+(c18(2,3) *ww) ; -£3+c18(3,3) *ww;...
118/4%£2;-118/4%£1];

intfor=inv(intmat)*intfv;

shear11i8s(i)=intfor(1);

shear218s(i)=intfor(2);

tensioni8s(i)=intfor(3);
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moment118s(i)=intfor(4);

moment218s(i)=intfor(5);

tstri8s(i)=tensioni18s(i)/areaf;

mstrii8s(i)=moment118s(i)*cf/ina;

mstr218s(i)=moment218s(i)*cf/ina;

vstr118s(i)=2%shear118s(i)/areaf;

vstr218s(i)=2*shear218s(i)/areaf;
vmsti18as(i)=sqrt((abs(mstri18s(i))+abs(tstr18s(i))) "2+3*vstr118s(i)~2);
vmst18bs(i)=sqrt((abs(mstr218s(i))+abs(tstri8s(i))) ~2+3%vstr218s(i)~2);

% For Member 19

ww=massi19*g/2;

f1=c19(1, : )*Stforces(94:96,1);

£2=c19(2, :)*Stforces(94:96,1i) ;

£3=c19(3, : )*Stforces(94:96,1i);

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -119/4 0 1 0;119/4 0 0 0 -1];

intfv=[-f1+(c19(1,3)*uw) ;-f2+(c19(2,3) *wuw) ; ~£3+c19(3,3) *ww; .
119/4%£2;-119/4xf1] ;

intfor=inv(intmat)*intfv;

shear119s(i)=intfor(1);

shear219s(i)=intfor(2);

tension19s(i)=intfor(3);

moment119s(i)=intfor(4);

moment219s(i)=intfor(5);

tstri9s(i)=tension19s(i)/areaf;

mstr1i9s(i)=moment119s(i)*cf/ina;

mstr219s(i)=moment219s(i)*cf/ina;

vstri19s(i)=2*shear119s(i)/areaf;

vstr219s(i)=2*shear219s(i)/areaf;

vmsti9as(i)=sqrt((abs(mstr119s(i))+abs(tstri9s(i))) "2+3*vstri19s(i)~2);

vmst19bs(i)=sqrt((abs(mstr219s(i))+abs(tetri9s(i))) "2+3*vstr219s(i)~2);

% For Member 20

ww=mass20%g/2;

£1=c20(1, : )*Stforces(100:102,1i);

£2=c20(2, : )*Stforces(100:102,1);

£3=c20(3, : )*Stforces(100:102,1);

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -120/4 0 1 0;120/4 0 0 0 -1];

intfv=[-f1+(c20(1,3) *uw) ; -£2+(c20(2,3) *ww) ; -£3+c20(3,3) *uw;...
120/4%£2;-120/4%£1] ;

intfor=inv(intmat)*intfv;

sheari20s(i)=intfor(1);

shear220s(i)=intfor(2);
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tension20s(i)=intfor(3);

moment120s(i)=intfor(4);

moment220s8 (i)=intfor(5);

tstr20s(i)=tension20s(i)/areaf;

mstri120s(i)=moment120s(i)*cf/ina;

mstr220s(i)=moment220s(i)*cf/ina;

vstri120s(i)=2%shear120s(i)/areaf;

vstr220s(i)=2*shear220s(i)/areaf;
vmst20as(i)=sqrt((abs(mstr120s(i))+abs(tstr20s(i))) ~2+3*vstri20s(i)~2);
vmst20bs (i) =sqrt ((abs (mstr220s(i))+abs(tstr20s(i))) ~2+3*vstr220s(i)~2);

% For Member 21

ww=mass21*g/2;

fi1=c21(1,:)*Stforces(106:108,1i);

£2=c21(2, :)*Stforces(106:108,1i);

£3=¢21(3,:)*Stforces(106:108,1i);

intmat=[-1 0 0 0 0;0 -1 0 0 0;0 0 -1 0 0;0 -121/4 0 1 0;121/4 0 0 0 -1];

intfv=[-f1+(c21(1,3)*uw) ;-£2+(c21(2,3) *ww) ; -£3+c21(3,3) *ww;.
121/4%£2;-121/4%£1] ;

intfor=inv(intmat)*intfv;

shear121s(i)=intfor(1);

shear221s(i)=intfor(2);

tension2is(i)=intfor(3);

moment121s(i)=intfor(4);

moment22is(i)=intfor(5);

tstr2is(i)=tension21s(i)/areaf;

mstri21s(i)=moment121s(i)*cf/ina;

mstr221s(i)=moment221s(i)*cf/ina;

vstri2is(i)=2%shear121s(i)/areaf;

vstr221s(i)=2*shear221s(i)/areaf;

vmst2las(i)=sqrt((abs(mstri121s(i))+abs(tstr21s(i))) "2+3*vstr1218(i)~2);

vmst21bs(i)=sqrt ((abs(mstr221s(i))+abs(tstr21s(i)) ) 2+3*vstr221s(i)~2);

h Now need to check buckling for fixed members
% For Member 1

maxfls=abs(min(tensionis));

% For Member 2

maxf2s=abs(min(tension2s));

% For Member 3

maxf3s=abs(min(tension3s));

% For Member 4

maxf4s=abs(min(tension4s));

% For Member 5
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maxfSs=abs(min(tension5s));

% For Member 6
maxf6s=abs(min(tensionés));

% For Member 13
maxfi3s=abs(min(tensioni3s));
% For Member 14
maxfi4s=abs(min(tensionids));
% For Member 15
maxfiSs=abs(min(tensioniSs));
% For Member 16
maxfi6s=abs(min(tensionibs));
h For Member 17
maxfi7s=abs(min(tensioni7s));
% For Member 18
maxf18s=abs(min(tensioni18s));
% For Member 19
maxfi19s=abs(min(tensioni9s));
% For Member 20
maxf20s=abs(min(tension20s));
% For Member 21
maxf2is=abs(min(tension21s));

% Now calculate motor torque, voltage, and current
% Now find motor values for member M8
% Check if torque is acting with or against load
sactil=sign(actfors8(i));
ssti=sign(actfor8s(i));
% Calculate values with leadscerw friction
if ssti==sacti;
Tm1(i)=(Jm*abs(xddot7(i))*Ggh/Gls)
+ (dm/2xabs(actfor8(i)))*((2*pi*Gls+pi*mu*dm)/(pi*dm-mu*2*pi*Gls));
else
Tm1(1i)=(Jm*abs(xddot7(i))*Ggh/Gls)
+(dm/2*abs(actfor8(i)))*((-2*pi*Gls+pi*mu*dm)/ (pi*dm+mu*2*pi*Gls));
end
Vm1(i)=Tm1(i)*Ra/Kt+(Kb*Ggh*abs(xdot7(i))/Gls); % motor voltage
Imi(i)=Tm1(i)/Kt; % motor current

% Now calculate without friction
Tmin(i)=(Im*abs(xddot7(i))*Ggh/Gls)+abs(actfor8(i))*Gls;’ motor torque
Vmin(i)=Tmin(i)*Ra/Kt+(KbxGgh*abs(xdot7(i))/Gls); Y% motor voltage
Imin(i)=Tmin(i)/Kt; % motor current

% Now find motor values for member M10
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sact2=sign(actfori0o(i));
sst2=sign(actfor10s(i));
if sst2==sact2;

Tm2(i)=(Im*abs(xddot9(i))*Ggh/Gls)

+(dm/2*abs (actfor10(i)))*((2*%pi*Gls+pi*mu*dm)/(pi*dm-mu*2%pi*Gls));

else

Tm2(i)=(Jm*abs (xddot9(i))*Ggh/Gls)

+(dm/2*abs(actfor10(i))) *((-2*pi*Gls+pi*mu*dm)/ (pi*dm+mu*2*pi*Gls));

end
Vm2(i)=Tm2(i)*Ra/Kt+(Kb*Ggh*abs(xdot9(i))/Gls); % motor voltage
Im2(i)=Tm2(i)/Kt; % motor current
Tm2n(i)=(Jm*abs(xddot9(i))*Ggh/Gls)+abs(actfor10(i))*Gls;% motor torque
Vm2n(i)=Tm2n(i)*Ra/Kt+(Kb*Ggh*abs(xdot9(i))/Gls); ¥ motor voltage
Im2n(i)=Tm2n(i)/Kt; % motor current

% Now find motor values for member M12
sact3=sign(actfor12(i));
sst3=sign(actfor12s(i));
if sst3==sact3;
Tm3(i)=(Jm*abs(xddot11(i))*Ggh/Gls)
+(dm/2*abs (actfor12(i)) ) * ((2*pi*Gls+pi*mu*dm)/ (pi*dm-mu*2*pi*Gls));
else
Tm3(i)=(Jm*abs(xddot11(i))*Ggh/Gls)
+(dm/2*abs(actfor12(i)))*((- 2*p1*Gls+p1*mu*dm)/(p1*dm+mu*2*p1*Gls)),
end
Vm3(1i)=Tm3(i)*Ra/Kt+(Kb*xGgh*abs(xdot11(i))/Gls); % motor voltage
Im3(i)=Tm3(i) /Kt; "% motor current
Tm3n(i)=(Im*abs(xddot11(i))*Ggh/Gls)+abs(actfor12(i))*Gls; % motor torque
Vm3n(i)=Tm3n(i)*Ra/Kt+(Kb*Ggh*abs(xdot11(i))/Gls); % motor voltage
Im3n(i)=Tm3n(i)/Kt; % motor current

end;

disp(’ Done ?)
clear fmatrix;

214



% PROGRAM: FWDi

% Written by: Tom Warrington

h

% This program solves the forward problem of the

% double-octahedral truss. It requires the following

% function files: kinangl, parti, linki, cross, and crossi.
% Time histories of the link lengths are generated

4 from a file called motpro.m.

e m e e e e teeccmmccmmccccce—— oo

%base=input (’Enter Fixed Base Length: ’);
cl=input (’Enter Cross Longeron Length: ’);
%d=input (’Enter Height of Truss: ’);

% For Robert’s Truss
base=48%2,54/100;
cl=36%2.54/100;
d=472.54/100;

motprol
load lnk_inf.mat

k=length(1l1);
% Define the geometric constants of the truss

x1=tan{.52359)*base/2;
rim=sqrt(cl~2-(base/2)"2);
uul=[1,0,0];

uwu2=[-.5,0,-.866];
uu3=[-.5,0,.866];

oo1=[0,0,x1];
002=[.866%x1,0,-x1/2];
oo3=[-.866%x1,0,-x1/2];
rri=rim*ocol/sqrt(sum(ool.*o00l));
rr2=rim¥0o02/sqrt(sum(002.*002));
rr3=rimxo0o03/sqrt (sum(oo3.*003)});

% Start the iteration loop to solve for gamma and beta
thtaold=[0.5 0.5 0.5]’;

for p=1:k
L=[11(p) 12(p) 13(p)]1’;
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theta=kinangi(L,thtaold,base,cl);
thtaold=theta;

% Define trig id’s %

thetai=theta(l);
theta2=theta(2);
theta3=theta(3);
vti=il-cos(thetal);
vt2=1-cos(theta2);
vt3=1-cos(theta3d);
sti=sin(thetal);
st2=sin(theta2);
st3=sin(theta3);
cti=cos(thetal);
ct2=cos(theta2);
ct3=cos(theta3);

% Define Bi’s Y

b1=[(uul (1) "2%vti+ct1)*rr1(1)+uul (1) *uul (3)*vt1)*rri(3)+o001(1),...

=((uu1(3)*st1)*rr1(1)-(uui (1) *st1)*rri1(3)),...
(uu1(1)*uul(3)*vt1)*rr1(1)+(uul(3) ~2*vti+ct1)*rri(3)+o001(3)];

b2=[(uu2(1) "2*vt2+ct2) *rr2(1)+(uu2(1) *uu2(3)*vt2) *rr2(3)+o002(1),...

-((uu2(3)*st2) *rr2(1) - (uu2(1) *st2)*rr2(3)), ...
(uu2(1)*uu2(3) *vt2)*rr2(1)+(uu2(3) ~2%xvt2+ct2) *rr2(3)+002(3)];
b3=[(uu3(1) " 2%vt3+ct3) *rr3(1)+(uu3d(1)*uu3d (3)*vt3)*rr3(3)+003(1),.

=((uu3(3)*st3)*rr3(1)-(uu3d(1)*st3)*rr3(3)),..
(uu3(1)*uu3(3) *vt3) *rr3(1)+(uu3(3) “2*vt3+ct3) *rr3(3)+003(3)];

This part of the program solves for the euler angles of
the top plane of the truss by determining the height of
the unit cell, r, and sequentially solving for the height
of the truss, d, and then the unit vector, U2, to the

top plane. From this unit vector U2 the euler angles gamma
and beta are determined.

uo=[0 1 0];
ul=crossi((b1-b2)’, (b1-b3)?);
ul=ui/sqrt(sum(ui.*ul));
r=(sum(bi.*ul))/(sum(uo.*ul));
d=2*sum(ui.*ul)*r;
u2=d/r*ui-u0;
u2=u2/sqrt(sum(u2.*u2));
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gma(p)=atan2(-u2(1),sqrt(u2(2)~2+u2(3)~2));
bta(p)=atan2(u2(3),u2(2));

Yordokskokkkkk Calculate Nodal Positions xkkkikskkikkskskk

pe=r*(u0+u2);
R.vec(:,p)=pe’;
1ll=sqrt(sum(pe.*pe));

% Unit vector normal to mid-transverse plane
u=pe/1l;

ni=ool-uui*(base/2);
n2=o02+uu2*(base/2);
n3=oo02-uu2*(base/2);
n4(p,:)=b3;
n5(p,:)=b2;
n6(p,:)=bi;

rot=[1-(u2(1)~2/(1+u2(2))) u2(1) -u2(1)*u2(3)/(1+u2(2));...
-u2(1) u2(2) -u2(3);-u2(1)*u2(3)/(1+u2(2)) u2(3) ...
1-(u2(3)"2/(1+u2(2)))];

da=[base/2,0,x1];

db=[0,0,-2%x1];

dc=[-base/2,0,x1];

n7(p,:)=(pe’+rot*db?’)’;
n8(p,:)=(pe’+rot*da’)’;
n9(p,:)=(pe’+rot*dc’)’;

%xkkxkkkk Calculate Nodal Velocities kkdkksdokiokk

145=11(p);
146=12(p);
156=13(p);

p14=(n1-n4(p,:))/cl;
p24=(n2-n4(p,:))/cl;
p45=(n4(p, :)-n5(p,:))/145;
p25=(n2-n5(p,:))/cl;
p46=(n4(p,:)-n6(p,:))/146;
p35=(n3-n5(p,:))/cl;
p36=(n3-n6(p,:))/cl;
p56=(n5(p,:)-n6(p,:))/156;
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p16=(n1-n6(p,:))/cl;

bigP1=[-p14 0 0 0 0 0 0;-p24 0 0 0 0 0 O;p45 -p45 0 0 0;...
000 -p25 0 0 0;p46 0 0 0 -p46;0 0 0 -p35 0 O 0;...
000 ps6 -p56;0 0 0 0 0 0 -p36;0 0 0 0 0 O -pi6];

p47=(n4(p,:)-n7(p,:))/cl;
p57=(n5(p,:)-n7(p,:))/cl;
p78=(n7(p,:)-n8(p,:))/base;
p58=(n5(p,:)-n8(p,:))/cl;
p89=(n8(p, :)-n9(p,:)) /base;
p68=(n6(p,:)-n8(p,:))/cl;
p69=(n6(p, :)-n9(p,:))/cl;
p49=(n4(p,:)-n9(p,:))/cl;
p79=(n7(p,:)-n9(p,:)) /base;

bigR2=[p47 zeros(1,6);0 0 0 p57 0 0 0;zeros(1,9);0 O...
0 p58 0 0 0;zeros(1,9);zeros(1,6) p68; zeros(1,9);...
zeros(1,6) p69;p49 zeros(1,6)];

bigP2=[-p47 zeros(1,6);-p57 zeros(1,6);p78 -p78 0 0 O;...
000 -p58 00 0;p79 0 00 -p79 ;0 0 O -p68 0...
0 0; 00 0O p89 -p89 ;zeros(1,6) -p69;zeros(1,6) -p49];

% Find nodal velocities

145d=11d(p);
146d=12d(p) ;
156d=13d(p) ;

ND456=inv(bigP1)*[0 0 145d 0 146d 0 156d 0 0]’;
ND789=-inv(bigP2)*(bigR2*ND456) ;

nd4(:,p)=ND456(1:3);
nd5(:,p)=ND456(4:6);
nd6(: ,p)=ND456(7:9);
nd7(:,p)=ND789(1:3);
nd8(:,p)=ND789(4:6);
nd9(:,p)=ND789(7:9);

ped_x(p)=(nd7(1,p)+nd8(1,p)+nd9(1,p))/3;

ped_y(p)=(nd7(2,p)+nd8(2,p)+nd9(2,p))/3;
ped._z(p)=(nd7(3,p)+nd8(3,p)+ndo(3,p))/3;
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% Find euler angular velocities of the top plane
r79=n7(p,:)-n9(p,:);
r78=n7(p,:)-n8(p,:);

rtopi=[0 r78(3) -r78(2);-r78(3) 0 r78(1);0, r79(3),-r79(2)]1;
rtop2=[0 r78(3) -r78(2);-r78(3) 0 r78(1);-r79(3), 0, r79(1)];
rtop3=[0 r78(3) -r78(2);-r78(3) 0 r78(1);r79(2), -r79(1),0];
omega(:,p)=inv(rtop2)*[nd7(1:2,p)-nd8(1:2,p);nd7(2,p)-nd9(2,p)];

btad(p)=omega(1,p);
gmad(p)=omega(3,p);
alphad(p)=omega(2,p);

Yxkkkxkkkkk Calculate Nodal Accelerations kskskskkiokskkkskskkkskk

ql4=sum(nd4(:,p) .*nd4(:,p))/cl;

q24=sum(nd4(:,p) .*nd4(:,p))/cl;

q45=(sum((nd4(:,p)-nd5(:,p)) .*(nd4(:,p)-nd5(:,p)))-145d"2) /145;
q25=sum(nd5(:,p) .*nd5(:,p))/cl;

q46=(sum((nd4(:,p)-nd6(:,p)) .*(nd4(:,p)-nd6(:,p)))-1464"2)/146;
q35=sum(nd5(:,p) .*nd5(:,p))/cl;

q56=(sum((nd5(:,p)-nd6(:,p)) .*(nd5(:,p)-nd6(:,p)))-156d"2)/156;
q36=sum(nd6(:,p) .*nd6(:,p))/cl; '
q16=sum(nd6(:,p) .*nd6(:,p))/cl;

Q1=[q14 q24 q45 q25 q46 935 q56 q36 q16]’;

q47=(sum((nd4(:,p)-nd7(:,p)) . *(nd4(:,p)-nd7(:,p))))/cl;
q57=(sum((nd5(:,p)-nd7(:,p)) .*(nd5(:,p)-nd7(:,p))))/cl;
q78=(sum((nd7(:,p)-nd8(:,p)) .*(nd7(:,p)-nd8(:,p))))/base;
q58=(sum((nd5(:,p)-nd8(:,p)) .*(nd5(:,p)-nd8(:,p))))/cl;
q79=(sum((nd7(:,p)-nd9(:,p)) . *(nd7(:,p)-nd9(:,p)))) /base;
q68=(sum((nd6(:,p)-nd8(:,p)).*(nd6(:,p)-nd8(:,p))))/cl;
q89=(sum((nd8(:,p)-nd9(:,p)) .*(nd8(:,p)~nd9(:,p)))) /base;
q69=(sum((nd6(:,p)-nd9(:,p)) .*(nd6(:,p)-nd9(:,p))))/cl;
q49=(sum((nd4(:,p)-nd9(:,p)) .#(nd4(:,p)-nd9(:,p))))/cl;

Q2=[q47 q57 q78 958 q79 q68 q89 q69 q49]’;
145dd=11dd(p);
146dd=12dd(p) ;
156dd=13dd(p) ;

NDD456=inv(bigP1)*([0 O 145dd O 146dd O 156dd 0 0]’-Q1);
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NDD789=inv(bigP2)* (-Q2-bigR2*NDD456) ;

ndd4(:,p)=NDD456(1:3) ;
ndd5(:,p)=NDD456(4:6);
ndd6(:,p)=NDD456(7:9) ;
ndd7(:,p)=NDD789(1:3);
ndd8(:,p)=NDD789(4:6);
ndd9(:,p)=NDD789(7:9) ;

pedd_x(p)=(ndd7(1,p)+ndd8(1,p)+ndd9(1,p))/3;
pedd_y(p)=(ndd7(2,p)+ndd8(2,p)+ndd9(2,p))/3;
pedd_z(p)=(ndd7(3,p)+ndd8(3,p)+ndd9(3,p))/3;
arowl=ndd7(1,p)-ndd8(1,p)-(alphad(p)*(btad(p)*r78(2)...
-alphad(p)*r78(1))-gmad(p) * (gmad (p) *r78(1)-btad(p)*r78(3)));
arow2=ndd7(2,p)-ndd8(2,p) -(gmad(p)*(alphad(p)*r78(3)...
-gmad(p) *r78(2))-btad(p)*(btad(p)*r78(2)-alphad(p)*r78(1)));
arow3=ndd7(2,p)-ndd9(2,p)-(gmad(p)*(alphad(p)*r79(3)...
-gmad(p)*r79(2))-btad(p)*(btad(p)*r79(2)-alphad (p)*r79(1)));
omegad(:,p)=inv(rtop2)*[arowl arow2 arow3]’;

btadd(p)=omegad(1,p);
gmadd (p)=omegad(3,p);
alphadd(p)=omegad(2,p);

end
end
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% PROGRAM: MOTPRO1
h Written by: T. Warrington

% This program calculates the link profile for an
% exponential input voltage profile. It also calculates
% the link velocities and link accelerationms.

linkst=linkstrt(base,cl,d);
lnoti=linkst(1);
lnot2=1linkst(2);
1lnot3=1inkst(3);
links=linkfnd1(base,cl,d);

% These are the required link positions to attain the specified
% truss orientation

liref=1links(1);

12ref=links(2);

13ref=1inks(3);

% define constants and motor variables
gl= 0.0159%2.54/100; 7 gain of lead screw(m/rad)

gr=1/5.1; % gear reduction

ka=1.8; % amplifier gain(A/V)

kt=0.1; % torque constant(N-m/A4)
J=1.22e-4; % armature inertia(kg-m~2)
tm=.0164; % time constant of motor(sec)
Vp=5; % maximum input voltage(volts)
10=1.412; % nominal length position(meters)
Tfric=.6; % motor friction(N-m)
thetamx=400; % max velocity of motor (rad/s)

% determine acceleration profile of linkl
te=input(’Enter total simulation time: ’);
dt=input(’Enter time step: ’);

t=0:dt:te;

nn=te/dt;

cl=ktxkaxgl*gr/J;

A=[0 1;0 0];

B=[0;c1];

% Now set up eigenvalues based on simulation time
zeta=0.8;

t8=.9%te;

wn=6/(zetaxts);
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rroots=[-wn*zetat+wn*sin(acos(zeta))*j;-wn*zeta-...
wn*sin(acos(zeta))*j];

K=place(A,B,rroots); ’

cls

disp(’ ?)

disp(’ ?)

disp(’ Calculating Forward Kinematics’)

disp(® )

disp(’ Please Wait’)

[phi,gamma]=c2d(4,B,dt);

11dd(1)=0;

x1(:,1)=[1not1;0];

for j=1i:nn
x1(:,j+1)=phi*x1(:,j)-gamma*K*(x1(:,j)-[11ref;0]);
11dd(j+1)=-c1*K*(x1(:,j)-[11ref;0]);

end

12dd(1)=0;

x2(:,1)=[1not2;0];

for j=1i:nn
x2(:,j+1)=phi*x2(:,j)-gamma*xK*(x2(:,j)-[12ref;0]);
12dd(j+1)=-c1*K*(x2(:,j)~[12ref;0]);

end

13dd(1)=0;

x3(:,1)=[1not3;0];

for j=1:mn
x3(:,j+1)=phi*x3(:,j)~-gammaxK*(x3(:,j)-[13ref;0]);
13dd(j+1)=-c1*K*(x3(:,j)~[13ref;0]);

end

xi=x1’;

x2=x2’;

x3=x3?;
11(:)=x1(:,1);
11d(:)=x1(:,2);
12(:)=x2(:,1);
12d(:)=x2(:,2);
13(:)=x3(:,1);
13d(:)=x3(:,2);
lidd=11dd’;
12dd=12dd’;
13dd=13dd’;
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save 1lnk_inf 11 1id 1idd 12 12d 12dd 13 134 13dd
end )
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% PROGRAM: LINKSTRT.M

% Written by: D. Lacy

[

h

% This program will find the beginning link lengths
% for the truss positioned at the equilibrium point
[/

SRS S USRI IO -

function[Links]=linkstrt(base,cl,d)
% Define fixed dimensions of truss ¥

x=tan(.52359) *base/2;
rim=sqrt(cl~2-(base/2)"2);
gamma=0;

beta=0;

% Create unit vectors on fixed plane(0) and moving plane(2) %
uo= [0:190] ’

u2=[-sin(gamma), cos(beta)*cos(gamma), sin(beta)*cos(gamma)];
r=d/(sqrt (2% (1+sum(u0.*u2))));

% Vector describing origin of top plate
pe=r*(ud+u2);

% Unit vector normal to mid-transverse plane ¥
=sqrt(sum(pe.*pe));
=pe/l;

% Define fixed plane-vectors }
uul=[1,0,0];

uu2=[-.5,0,-.866];
uu3=[-.5,0,.866];

001=[0,0,x];
002=[.866%*x,0,-x/2];
003=[-.866%x,0,~-x/2];
rri=rim*ool/sqrt(sum(ool.*oo01));
rr2=rim¥oo2/sqrt(sum(002.%*002));
rr3=rim*o003/sqrt(sum(003.*003));

% Define k’s Y
k11=(rr1(1)-uui (1)~ 2*%xrr1(1)-uul (1) *uul (3) *rr1(3))*u(i)+...

(rr1(3)-uul(3) "2*rr1(3)-uui (1)*uul (3)*rr1(1))*u(3);
k12=(uul(3)*rr1(1)-uul(1)*rr1(3))*u(2);
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k13=(uui (1) "2%rri(1)+uul (1) *uul (3)*rr1(3)+ool1(1))*u(1)+...
(uu1(3) "2*rr1(3)+uul (3) *xuul (1) *rri(1)+o01(3))*u(3)-1/2;

k21=(rr2(1)-uu2(1) ~2*rr2(1) -uu2(1)*uu2(3) *rr2(3) )*xu(i)+...
(rr2(3) -uu2(3)~2*rr2(3)-uu2(1)*uu2(3) *rr2(1) ) *u(3);

k22=(uu2(3)*rr2(1)-uu2(1) *rr2(3))*u(2);

k23=(uu2(1) " 2%xrr2(1)+uu2(1)*uu2(3)*rr2(3)+002(1) ) *xu(1)+...
(uu2(3) "2*rr2(3)+uu2(3) *unu2(1) *rr2(1)+002(3) ) *u(3)-1/2;

k31=(rr3(1)-uu3(1) “2*rr3(1) -uu3d(1)*uu3(3) *rr3(3))*u(i)+...
(rr3(3)-uu3(3) " 2*rr3(3)-uu3 (1) *uu3d(3) *rr3(1))*u(3);

k32=(uu3(3)*rr3(1)-uud(1)*rr3(3))*u(2);

k33=(uu3(1) "2*rr3(1)+uu3d(1)*uu3(3) *rr3(3)+003(1))*ull)+...
(uu3(3) ~2*rr3(3)+uu3d(3)*uud(1)*rr3(1)+003(3))*u(3)-1/2;

% Define ti’s ¥,

t1=-(~k12-sqrt(k12°2-k13°2+k11°2) )/ (k13-k11);
t2=-(-k22-sqrt (k22°2-k23°2+k21"2) )/ (k23-k21) ;
t3=-(-k32-sqrt (k32"2-k33°2+k31"2)) /(k33-k31);

% Define the theta’s ¥%

thetal=2%atan(tl);
theta2=2%atan(t2);
theta3=2*%atan(t3);

% Define trig id’s %

vti=1-cos(thetal);
vt2=1-cos(theta2);
vt3=1~cos(theta3);

st1=sin(thetal);
st2=sin(thetal);
st3=sin(theta3);

ctl=cos(thetal);
ct2=cos(theta?2);
ct3=cos(theta3);
% Define Bi’s %
bi=[(uul (1) "2*vti+ctl)*rri(1)+(uul(1)*uul (3)*vti)*rr1(3)+o01(1),...

-((u1(3)*st1)*rr1(1)-(uul(1)*st1)*rri(3)),...
(uul (D) *uui(3)*vtl)*rr1(1)+(uul (3) "2*vti+ctl) *rr1(3)+o001(3)];
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b2=[(uu2(1) "2*xvt2+ct2) *rr2(1) +(uu2(1) *uu2(3) *vt2) *rr2(3)+002(1), ...

=((uu2(3)*st2)*rr2(1)-(uu2(1)*st2)*rr2(3)),...
(uu2(1) *uu2(3) *vt2) *rr2(1) + (uu2(3) "2*vt2+ct2) *rr2(3) +002(3)];

b3=[(uu3(1) "2*vt3+ct3)*rr3(1)+(uu3(1)*uu3d(3)*vt3)*rr3(3)+o003(1),...

-((uu3(3)*st3)*rr3(1)-(uu3d(1)*st3)*rr3(3)),...
(uu3 (1) *uu3(3) *vt3) *rr3(1)+(uu3(3) “2*vt3+ct3) *rr3(3)+003(3)];
bd1=b2-b3;
bd2=b3-b1;
bd3=b1-b2;

% Obtain link lengths Y
1i=sqrt(sum(bd1l.*bd1));
12=sqrt(sum(bd2. *bd2)) ;
13=sqrt(sum(bd3.*bd3));

Links=[11 12 13]°;
end
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'/. .............................................

% PROGRAM: KINANG1.M

Y% Written by: T. Warrington

[/

% This program solves for the thetas(theta) of the

% three "kinematically equivalent” links given the
% desired link lengths, L,(3X1) and an initial guess
% at the thetas, theta,(3x1).
LU UUPEPUPI SO
function[theta]=kinangl(L,theta,base,cl)

error=1;
while error>0.01;

1=linki(theta,base,cl);

err=L-1;

erri=L(1,1)-1(1,1);
err2=L(2,1)-1(2,1);
err3=L(3,1)-1(3,1);
error=abs(erri)+abs(err2)+abs(err3);

p=parti(theta,base,cl);
theta=theta-p*err;

if theta(1,1)>pi
theta(l,1)=theta(i,1)-pi;
elseif theta(1,1)<0
theta(l,1)=theta(l,1)+pi;
end

if theta(2,1)>pi
theta(2,1)=theta(2,1)-pi;
elseif theta(2,1)<0
theta(2,1)=theta(2,1)+pi;
end

if theta(3,1)>pi
theta(3,1)=theta(3,1)-pi;
elseif theta(3,1)<0
theta(3,1)=theta(3,1)+pi;
end
end
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'/. .................................................

h PROGRAM: LINKFND1.M

h Written by: T. Warrington

h

% This program finds the link lengths for the end
% angle of theta
R

x=tan(.52359)*base/2;

rim=sqrt(cl~2-(base/2)"2);

beta=input(’ Enter the angle of rotation about
the x-axis, beta, in degrees )

gamma=input(’ Enter the angle of rotation about
the z-axis, gamma, in degrees ’)

gamma=gammaxpi/180;

beta=beta*pi/180;

% Create unit vectors on fixed plane(0) and moving plane(2) %
u0=[0,1,0];

u2=[-sin(gamma), cos(beta)*cos(gamma), sin(beta)*cos(gamma)l;
r=d/(sqrt(2*(1+sum(u0.*u2))));

% Vector describing origin of top plate %
pe=r*(ud+u2) ;

% Unit vector normal to mid-transverse plane }
1=sqrt(sum(pe.*pe));
u=pe/1;

% Define fixed plane-vectors %
uui=[1,0,0];

uu2=[~.5,0,-.866];
uu3=[-.5,0,.866] ;

oo1=[0,0,x];
002=[.866%*x,0,-x/2];
0o03=[-.866%x,0,-x/2];
rri=rim*oo1/sqrt(sum(ool.*o00l));
rr2=rim*002/sqrt(sum(oo02.%*002));
rr3=rim¥oo3/sqrt(sum(o0o03.%003));

% Define k’s ¥

kit=(rr1i(1)-uul (1) "2*rri(1)-uul (1) *uul (3)*rr1(3))*uli)+...
(rr1(3)-uul(3)"2*rr1(3)-uul (1)*uul (3)*rri(1))*u(3);
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ki12=(uul(3)*rr1(1)-uul (1) *rr1(3))*u(2);

k13=(uul (1) “2*rri{1)+uul (1)*uul (3)*rr1(3)+ool1(1))*xu(id+...
(uu1(3) " 2*rr1(3)+uul(3)*uul (1) *rri(1)+o001(3))*u(3)-1/2;

k21=(rr2(1)-uu2(1) ~2*rr2(1) -uu2(1)*uu2(3) *rr2(3) )*xu(1)+...
(rr2(3)-uu2(3) “2*rr2(3)-uu2 (1) *uu2(3) *rr2(1) ) *u(3);

k22=(uu2(3)*rr2(1)-uu2(1)*rr2(3))*u(2);

k23=(uu2(1) ~2*rr2(1)+uu2(1) *uu2(3) *rr2(3)+o0o02(1))*u(i)+. ..
(uu2(3) ~2%rr2(3)+uu2(3) *uu2(1)*xrr2(1) +002(3) ) *u(3)-1/2;

k31=(rr3(1)-uu3(1) " 2*rr3(1)-uu3d (1) *uu3d(3) *rr3(3))*xu(i)+...
(rr3(3)-uu3(3) " 2*rr3(3)-uu3d (1) *uu3(3)*rr3(1))*u(3);

k32=(uu3(3)*rr3(1)-uu3d(1)*rr3(3))*u(2);

k33=(uu3(1) “2*rr3(1)+uu3d (1) *uu3(3) *rr3(3)+003(1) ) *u(i)+...
(uu3(3) ~2*rr3(3)+uu3d(3) *uu3 (1) *rr3(1)+003(3))*u(3)-1/2;

% Define ti’s Y%

ti1=-(-k12-sqrt (k12°2-k13°2+k11°2))/(k13-ki1);
t2=-(-k22-sqrt (k22"2-k23°2+k21°2) ) / (k23-k21) ;
t3=-(~k32-sqrt(k32°2-k33°2+k31"2) )/ (k33-k31) ;

% Define the theta’s

thetal=2*atan(tl);
theta2=2*atan(t2);
theta3=2%atan(t3);

% Define trig id’s %
vti=1-cos(thetal);
vt2=1-cos(theta2);
vt3=1-cos(theta3);
sti=sin(thetal);
st2=sin(theta2);
st3=sin(theta3);
cti=cos(thetal);
ct2=cos(theta2);
ct3=cos(theta3);

% Define Bi’s Y

bi=[(uul(1)~2%vti+cti)*rri(1)+(uul (1)*uul(3)*vt1)*rri(3)+oo0i(l),...

-((uu1(3)*st1)*rr1(1)-(uul (1)*st1)*rr1(3)),...
(uul (1) *uul (3)*xvt1)*rri(1)+(uul (3)"2*vti+cti1)*rri(3)+001(3)]1;

b2=[(uu2(1) “2*%vt2+ct2) *rr2(1) +(uu2(1) *uu2(3) *vt2) *rr2(3) +002(1), ...

=((uu2(3)*st2) *rr2(1)-(uu2(1) *st2)*rr2(3)),...
(uu2(1)*uu2(3)*vt2) *rr2(1)+(uu2(3) "2*xvt2+ct2) *rr2(3)+002(3)]1;
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b3=[(uu3(1) "2%vt3+ct3)*rr3(1)+(uu3(1)*uuld(3)*vt3)*rr3(3)+003(1),...
-((uu3(3)*st3)*rr3(1)-(uu3(1)*st3)*rr3(3)),..
(uu3 (1) *uu3(3) *vt3)*rr3(1)+(uu3d(3) "2*vt3+ct3) *rr3(3)+003(3)];
bdi=b2~-b3;
bd2=b3-b1;
bd3=b1~b2;

% Obtain link lengths

li=sqrt(sum(bdi.*bd1));
12=sqrt(sum(bd2.*bd2));
13=sqrt(sum(bd3.*bd3));
Links=[11 12 13]°;

end
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% PROGRAM: LINK1i.M

h Written by: T. Warrington

h

% This program solves for the link lengths, length(1X3),
% for inputs of the three thetas, theta(3x1).

h

Ymmmmmmmmmmmmmemme e —memmmme—ee———————————————
function[length]=1inki(theta,base,cl)

r=sqrt(3)/2*base; % height of base triangle(m)
dd=sqrt(cl~2-(base/2)"2);% length of "kin. equiv." link(m)

ti=theta(1,1);
t2=theta(2,1);
t3=theta(3,1);

p4=[base/4+s8qrt(3)/2*dd*cos(t2),-1/6%r-1/2*dd*cos(t2) ,dd*sin(t2)];
p5=[-base/4-sqrt(3)/2*dd*cos(t3) ,-1/6%r-1/2*dd*cos(t3) ,dd*sin(t3)];
p6=[0,1/3%r+dd*cos(t1) ,dd*sin(t1)];

11=sqrt((p4(1,1)-p5(1,1))~2+(p4(1,2)-p5(1,2))"2+(p4(1,3)-p5(1,3))"2);
12=sqrt((p5(1,1)-p6(1,1))~2+(p5(1,2)-p6(1,2))~2+(p5(1,3)-p6(1,3))"2);
13=sqrt((p6(1,1)-p4(1,1))"2+(p6(1,2)-p4(1,2))~2+(p6(1,3)-p4(1,3))°2);
length=[11;12;13];

end
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Y e e e m e ————————
% PROGRAM: PART1.M

% Written by: T. Warrington

%

% This program calculates the Jacobian of the actruated link lengths
% to the thetas(partial of theta wrt L). It calculates the partials at
% the current operating point.
Ymmmmmmm——————em——m—m——mmmeemmmmm—me——————————
function[part]=parti(theta,base,cl)
1=1ink1(theta,base,cl);

dt=.05;

dthetal=theta+[dt; 0; 0];
1t1i=1linki(dthetal,base,cl);

part(:,1)=(1t1-1)/dt;

dtheta2=theta+[0; dt; 0];
1t2=1link1(dtheta2,base,cl);

part(:,2)=(1t2-1)/dt;

dtheta3=theta+[0; 0; dt];
1t3=1ink1(dtheta3,base,cl);

part(:,3)=(1t3-1)/dt;

part=-inv(part);

end
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% PROGRAM: CROSS.M

% Written by: D. Lacy

%

% This program evaluates the cross product of two
% vectors

Yommecrmmc e m e et cm et e et e e e e e e

function Y = cross(datal,data2)
crossmat=[0 -data1(3) datal(2);datal(3) 0 -datal(l);-datal1(2) datai(i) 0];
Y=(crossmat*data2’)’;

Yooommmmmccccececccmccccmmmccocmcccmmecccm——————
% PROGRAM: CROSS1.M

% Written by: T. Warrington

[}

%

A This program sevaluates the cross product of two
% vectors

Ymmmmmmmmmmmmmm—mmmmmmemmmmmmemmmem—————————————
function[v]=cross(p,q)

v(1)=p(2)*q(3)-p(3)*q(2);
v(2)=p(3)*q(1)-p(1)*q(3);
v(3)=p(1)*q(2)-p(2)*q(1);

end

&
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Appendix D

Spatial Truss Finite-Element
Model

Title Spatial Truss - Equilibrium Position
Nodal Point Locations 1

1 -0.6096 -0.3519 0
2 0.6096 -0.3519 0
3 -0.0000 0.7039 0
4 -0.5842 0.3373 0.5609
5 0.5842 0.3373 0.5609
6 0 -0.6746 0.5609
7 =-0.6096 -0.3519 1.1218
8 0 0.7039 1.1218
9 0.6096 -0.3519 1.1218
-- Blank Line --

Material Properties 71.e9 26.2¢9 2711.5
Beam Type 1, 9.0245e-5

Connect 2 to 6
Connect 1 to 6
Connect 1 to 4
Connect 3 to 4
Connect 3 to 5
Connect 2 to 5
Connect 4 to 5
Connect 5 to 6
Connect 4 to 6
Connect 6 to 9
Connect 6 to 7
Connect 4 to 7
Connect 4 to 8
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Connect 5 to
Connect 5 to
Connect 7 to
Connect 8 to
Connect 8 to
zero 1

ra of all

-- Blank Line --
End Definition

O ~N©Owon
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displacements applied 1

tx 0123

ty 0123

tz2 0123

--blank line--

forces and moments applied 1
fz 46 7 8 9

--blank line--

solve
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