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Maximizing Kinematic Motion for a 3-DOF VGT Module

R. L. Williams II  and  E. R. Hexter

This article presents design results for maximizing kinematic motion range in three-degree-of-

freedom (DOF) double-octahedral variable-geometry-truss (VGT) modules modeled as extensible

gimbals. Design curves are presented to describe motion and results are summarized.

1  Introduction

The double-octahedral variable geometry truss (VGT) module was developed by NASA for use in

deployable space structures (Rhodes and Mikulas, 1985). It has also been proposed for use as joints in

hyper-redundant, long-reach manipulators (Chen and Wada 1990;  Hughes et.al., 1991; Salerno and

Reinholtz, 1994).  Authors (e.g. Chirikjian and Burdick, 1991; Salerno and Reinholtz 1994; Williams

and Mayhew, 1996) have developed methods for controlling such manipulators.  The potential

advantages of VGT manipulators are well known.  A major disadvantage of VGTs is limited range of

motion compared to serial manipulators.

Padmanabhan, et.al. (1992a) proposed position control of a single VGT module by modeling the

complex in-parallel-actuated kinematics by a simpler virtual serial extensible gimbal model.  This idea

was extended to position control of two VGT modules by Padmanabhan et.al. (1992b) and later

implemented in position and rate at NASA (Williams et.al., 1995).  This article presents a study using

kinematic design curves to maximize motion for this module.



2  Double Octahedral VGT Module

The kinematic diagram is shown in Fig. 1.  As a joint in a VGT-based manipulator, it is convenient to

control the VGT as an extensible gimbal (Padmanabhan et.al., 1992a). Figure 2 shows the virtual

extensible gimbal kinematic diagram.  The inputs are L L L1 2 3, ,  and the outputs are gimbal angles α β,

about mutually perpendicular axes and r, a symmetric accordion-like variable which extends or contracts

the length of the joint.

L1

L2

L3

XBYB

ZB

XP
YP
ZP

= n̂

L0

L

L

L0

S

XBYB

ZB

XP

YP

Z P

α

β

r

r

= n̂

Figure 1. Figure 2.
VGT Module Diagram Extensible Gimbal Diagram

The VGT possesses a high degree of symmetry, as shown in Fig. 1.  The top and bottom planes are

equilateral triangles with batten length L0 .  The middle plane consists of identical actuators with

variable lengths L L L1 2 3, ,  with limits Lmin  and Lmax.  Two stages of six longerons of length L

connect the bottom, middle, and top planes.  In an ideal VGT module, six struts connect via five

spherical joints at each midplane vertex.  This is difficult to achieve in practice so an offset S is included

in the model.  Five constant parameters are required to define the VGT.  We will normalize by L so there

are four independent dimensionless parameters:
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L=1 is used since α β,  will not change given the above parameters and r results scale by L. Lmax is

related to Lmin  instead of L to facilitate linear actuator specification.

The automatic generation of kinematic design curves for the VGT module requires repeated inverse

position kinematics solutions.  Padmanabhan et.al. (1992a) first presented this solution for the VGT

module.  Detailed VGT forward and inverse position kinematic solutions are presented by Williams

(1994), based on the work of Padmanabhan et.al. (1992a).

The inverse kinematics solution calculates the actuator lengths L L L1 2 3, ,  given the desired gimbal

outputs α β, ,r .  The top plane is symmetric to the fixed bottom plane, mirrored about the mid-plane for

all L L L1 2 3, , .  This condition enables a straight-forward, closed-form inverse kinematics solution.

3  Generation of Kinematic Design Curves

VGT module kinematic design curves were generated automatically by computer, using the inverse

kinematics solution over the four-dimensional design parameter space.  This article assumes several 3-

DOF VGT modules will be used to form a long-reach manipulator.  In such a manipulator, the α β,

range is crucial in maximizing overall workspace and r is less important.  Therefore,  the extreme α β,

angles are maximized in this article.  Though r plays a crucial role in maximizing α β, , its range of

motion is not maximized  For each design parameter set, the gimbal extension r (normalized by L) was

varied from rmin/L to rmax/L in small increments (rmin/L and rmax/L vary for each case) to find the extreme

α β, .  For each four-parameter set, β   is set to zero, r is fixed and α  is increased until the inverse

kinematics solution determines one or more Lmin , Lmax joint limits are violated.  Maximum negative



α  is then found similarly.  The extension output r is incremented to find the next extreme α  angles.

Angle β  extremes are found in the same manner, with α  set to zero.  For the VGT modules, an extreme

gimbal angle occurs only when the second gimbal angle is held to zero.  The constant parameter ranges

are chosen to a cover reasonable design space, the center of which is motivated by NASA-built hardware

(Rhodes and Mikulas, 1985):
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Three-dimensional plots of extreme α  vs. r/L vs. L0/L and β  vs. r/L vs. L0/L were generated.  Thirty-six

α  and thirty-six β  design charts were created, spanning the design space (4 S L/  values x 3

L Lmax min/  values x 3 L Lmin /  values).

4  Results

Figures 3 and 4 show the extreme α β,  angles versus the normalized gimbal extension r/L, for (non-

optimal) parameters L L0 106/ .= , L L L Lavgmin / /= , L Lmax min/ .= 175 , and S L/ .= 0 05 .  The upper

curves define the maximum positive and the lower the maximum negative gimbal angles.  All values in

between the curves are feasible for the extensible gimbal.  At the minimum and maximum r/L values

(here, 0.45 and 0.81) zero gimbal angle motion is possible.  The β  case is symmetric while the α  case

is not.  This means that the maximum positive α  occurs at a different r/L value than the maximum



negative α .  Note that the maximum positive α  value is extremely sensitive to small changes in r/L

near the upper end of the gimbal extension.  Due to module symmetry, one would expect both α  and β

symmetry.  However, the α  axis is not an axis of symmetry for the mid-plane, as evident in Figure 2.
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Figure 3. Figure 4.
Maximum α  vs. Extension   Maximum β  vs. Extension

For the four-dimensional design parameter space, the maximum α , β , and r L/  all occur at the

same values: L L0 114/ .= , L L L Lavgmin / /= , L Lmax min/ .= 175, and S L/ = 0.  Figures 5 and 6

present the extreme (maximum of the maximum angles for all thirty-six cases) α β,  results. From Figs.

5 and 6 it is seen that planar plots similar to Figs. 3 and 4 are translated along a curving spine.  Figs. 5c

and 6c show where the maximum/minimum α β,  values occur:  the maximum positive α  values (‘x’ in

Fig. 5c) occur close to rmax in each case (as Fig. 3 also shows);  the maximum negative α  values (‘o’ in

Fig. 5c) occur closer to the middle of the r range; the maximum positive and negative β  values occur at

the same r value in each case (‘o’ in Fig. 6c).

The extreme α  values 73 75$ $,−  in Fig. 5 occur for different r L/  values.  The extreme β  values

±68$  in Fig. 6 occur for the same r L/  value.  The extreme r L/  range (0.33,0.77) also occurs in the

module with the extreme α β, .  Figures 5 and 6 show results up to the extreme cases L L0 114/ .=  for



clarity.  As L L0 /  increases from that optimal value, the maximum α β,  values and r L/  range

decrease, in similar (shrinking) planar shapes curving along the spine.

The kinematically-optimal VGT module corresponding to Figs. 5 and 6 is shown in Fig. 7, with all

actuators set to mid-length.  For comparison, one of the remaining thirty-five non-optimal cases is shown

in Fig. 8, with L L0 050/ .= , L Lmin / = 1, L Lmax min/ .= 150 , and S L/ .= 010.  In Fig. 8, the maximum

outputs are: α  50 40$ $,− , β  ±38$ , and r L/  (0.65,0.87), which are much lower than those of Fig. 7.
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Figure 6a.  Extreme β  Case
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Figure 7. Optimal VGT Figure 8. Non-optimal VGT

The design parameter which has the greatest effect was the L Lmax min/  ratio. Obviously, the greatest

kinematic motion range results with the greatest possible L Lmax min/  ratio.  The next important



parameter is Lmin . The optimal value for L Lmin /  is L Lavg /  and the optimal L L0 /  is 1.14.  The

normalized joint offset parameter S L/  had a minimal effect on the articulation angles, but it did affect

the location of r L/  values for maximum gimbal angles.  However, ∆r L/  is not affected by S.  The

insensitivity of output parameters to S is good for practical VGT design because it is difficult to fabricate

joints without an offset.  However, zero joint offset is preferable because it leads to the highest outputs

(only marginally higher than optimal cases with finite offset) and structural characteristics are improved

with zero joint offset.

Table 1 summarizes the maximum results for all design parameter sets considered in this article.

Angle units are degrees and lengths are dimensionless in Table 1.  Since the joint offset parameter S L/

has minimal effect on the maximum output values α β, , /r L , only nine of the thirty-six cases are

reported.  All nine cases in Table 1 have design parameterS L/ = 0 .  Cases 10-18 (S L/ .= 0 05 ), 19-27

( S L/ .= 010), and 28-36 (S L/ .= 015) are not reported because the results are similar to Table 1.

Table 1.  Maximum VGT Kinematic Output Summary

Case Lmax/Lmin Lmin/L α β r/L ∆r /L L0/L
1 1.25 1 22,-19 ± 17 0.78,0.87 0.09 0.50
2 1.25 L0/L 41,-53 ± 38 0.26,0.54 0.28 1.46
3 1.25 Lavg/L 21,-25 ± 20 0.47,0.60 0.13 1.50
4 1.50 1 50,-40 ± 38 0.65,0.87 0.22 0.50
5 1.50 L0/L 57,-61 ± 50 0.36,0.69 0.33 1.22
6 1.50 Lavg/L 53,-73 ± 53 0.30,0.63 0.33 1.42
7 1.75 1 67,-73 ± 58 0.49,0.85 0.36 0.78
8 1.75 L0/L 72,-74 ± 65 0.37,0.78 0.41 1.06
9 1.75 Lavg/L 73,-75 ± 68 0.33,0.77 0.44 1.14



The extreme case of Figs. 5, 6, and 7 is given in case 9 of Table 1.  This is the absolute maximum

result, although cases 18, 27, and 36 are close because the increasing S L/  offset parameter has little

effect.  The non-optimal module pictured in Fig. 8 is case 22 (similar to case 4).

5  Conclusion

This article gives a basis for maximizing kinematic motion in three-DOF double-octahedral VGT

modules modeled as extensible gimbals. In-parallel-actuated manipulators generally suffer from

restricted kinematic motion ranges and thus should be designed to achieve the maximum possible

motion.  The joint offset parameter was found to have little effect on the output parameters.  Only

symmetric modules were considered since manipulators should be general-purpose.  Parameters for the

optimal module are reported subject to the range of parameters considered.  The design curves relate

how the maximum outputs change for different parameter values.  Virtual gimbal angle limits are

configuration-dependent since they depend on virtual gimbal extension.
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