NEW 3D CARTESIAN FLEXIBLE HINGE AND TRIPOD
MECHANISM: STRESS-BASED MAXIMUM LOAD AND
DISPLACEMENT WITH COMPLIANCE MODEL
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Abstract. The paper develops an analytical model to assess the maximum
levels of external loads and displacements of a new three-dimensional (3D)
Cartesian flexible hinge and of a tripod mechanism that uses such hinges.
The small-displacement compliance model is based on the allowable stresses
and includes the stress concentration effect at the filleted end of the circular
cross-section 3D flexible hinges. The analytical compliances of the new
hinge are confirmed by finite element simulation, while the tripod piston-
motion stiffness is validated by experimental testing of a prototype. The
analytical model is utilized to numerically analyze the maximum loads and
displacements of the new hinge and the tripod mechanism in terms of
defining geometric parameters and a set of load participation factors.
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1. INTRODUCTION

Flexure/flexible hinges have long been implemented as elastic joints in
monolithic mechanisms that are designed to perform precise, quasi-continuous,
generally small-range motion in a wide spectrum of macro and micro/nano scale
applications, such as positioning, manipulation, microscopy, optics, imaging
systems, robotics, telecommunications, surgery or electronics, [1- 11].

While the vast majority of flexible hinges have straight centroidal axis (and
are known as one-dimensional, 1D), configurations with planar, two-dimensional
(2D) longitudinal axis have also been designed — see [12] for design examples from
this category. Enhancing the deformation/motion capabilities of 1D and 2D flexible
hinges are the three-dimensional (3D) hinge architectures, such as the Cartesian
designs recently introduced and modeled in [13] and [14] and pictured in Fig. 1(a)
and Fig. 1(b).
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Fig. 1 — 3D Cartesian right corner-filleted flexible hinges with straight-axis segments and circular-
axis segments: (a) Design with two circular segments — [13]; (b) Design with two circular and three
straight segments — [14].

These 3D hinges are formed of straight- and circular-axis flexible segments
connected in series and located in planes that are parallel to the three planes of a
right Cartesian reference frame. The hinges enable full coupling of the six degrees
of freedom (DOF) at one end of the hinge with respect to the opposite end and
therefore, augment the motion capabilities of 1D and 2D hinge designs.
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Fig. 2 — New 3D Cartesian right corner-filleted flexible hinge with three circular-axis
segments.

We propose here the new 3D Cartesian flexible hinge of Fig. 2, which is
formed of three circular-axis quarter-circle segments, each located in one of the
three Cartesian planes. The circular-axis segments have constant circular cross-
section; they are connected in series and the final hinge configuration adds two end
straight-axis, right circularly corner-filleted members to mitigate stress
concentration effects in the areas where the hinge connects to the adjacent (rigid)
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links in a mechanism. Owing to their spatial serial structure, these hinges achieve
relatively large overall displacements in the linear domain, which renders them
appealing in transduction applications where linear behavior is necessary.

We also study here the tripod mechanism depicted in Fig. 3, which is actually
a more complex, parallel-connection hinge design formed of three identical 3D
flexible hinges of the type illustrated in Fig. 2 that are connected to a moving rigid
link. The tripod mechanism introduced here also displays linear force-displacement
characteristic over a relatively large range and can be implemented in 3D
applications, such as translation stages. Similar tripod mechanisms using 3D hinges
of Fig. 1 have also been developed and characterized, as detailed in [13] and [14].
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Fig. 3 — Tripod mechanism with new 3D Cartesian flexible hinges: (a) Spatial rendering with
global reference frame; (b) Simplified top view with hinge reference frames.

The compliance matrix of the 3D hinge is first derived based on the small-
displacement theory and existing compliances for individual segments. The
analytic compliance matrix, whose components are confirmed by finite element
simulation, is further utilized to formulate the compliance and stiffness matrices of
the tripod mechanism. Experimental testing of a tripod prototype validated the
analytical model predictions.

Stress concentration in flexible hinges and flexible-hinge mechanisms,
particularly in monolithic configurations, is an important aspect that needs to be
considered when evaluating the limit external loads and resulting displacements.
There is a vast body of research and published literature quantifying the stress
concentration of notches and shoulder fillets, see [15-22]. Flexible hinges can
either be considered as notches (a straight-axis right circular hinge, for instance, is
a circular or U notch) or their filleted ends can be associated with shoulder fillets.
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Several straight-axis hinge configurations are studied in [23], [24] and [25] with
their stress concentration factors included in the presentation.

The compliance model developed in this paper is ultimately combined with
the equivalent von Mises stresses that result from bending, axial loading and
torsion, as well as with the stress concentration factors at the hinge filleted end, to
predict the maximum levels of external loads and resulting displacements of both
the new 3D hinge and the tripod. The algorithm proposed here utilizes participation
factors of the normal and shear stresses, which enables simulating a wide range of
loading variants and highlighting the sensitivity of the maximum
loads/displacements to geometric and topological parameters of the hinge and
tripod mechanism. A similar method is presented in [12], which analyzes
separately in-plane and out-of-plane stress-based loads and displacements of
straight-axis flexible hinges.

2. NEW 3D FLEXIBLE HINGE

The new Cartesian 3D flexible hinge is shown as a skeleton representation
(sketch) in Fig. 4(a).

Freeend 0001 Vs A

Y2, Y3, Ya & IY1

Fig. 4 — (a) Skeleton representation of the 3D Cartesian serial flexible hinge; (b) Side view of straight-
axis segments; (c) Side view of circular-axis segments.
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It includes two straight-axis, right circularly corner-filleted segments of radii
r. and rs and — see Fig. 4(b). These two segments have variable circular cross-
section of minimum diameter d, are placed at the two ends of the hinge and are
aligned with global axis x. Connecting the two end segments are three circular-axis,
quarter-circle segments of constant circular cross-section with diameter d and radii
Rz, Rs, R4, as illustrated in Fig. 4(c). These middle segments are the main
contributors to the full hinge flexibility. Because the five component segments are
located in planes parallel to one of the three global frame planes xy, yz and zx, the
3D flexible hinge is called Cartesian — similar configurations are analyzed in [13]
and [14].

This section formulates the spatial compliance matrix of the 3D flexible
hinge depicted in Fig. 4(a) based on known compliances of the five component
segments. Finite element simulation is subsequently performed to confirm the
analytical-model compliance predictions.

The flexible hinge of Fig. 4(a) has six DOF at its free end, which are
translations u and rotations 6 collected in the displacement vector [u] = [ux uy 6,
0x 0, u,]". They are generated under the action of a spatial load vector [f] = [fx f,
m, my my f]" applied at the same point. The two vectors are related as [u] =
[Co][f] where [Co] is the 3D hinge compliance matrix calculated with respect to the
global frame Oxyz:

[Col= ZSZ[CS)] = Zsl[Tooi T [R(i) ]T [Cc()ii) ][R(i) ][Tooi ] ) @

i=1 i=1

because of the five segments serial connection.[Cgi)J (i =1 to 5) are the local-

frame compliance matrices of the straight-axis and circular-axis segments, which
are explicitly provided in [13] and [14]. The five local frames are identified in Fig.
4(a). As detailed in [12], the 6 x 6 translation and rotation matrices of eq. (1) are
calculated as:

oo ][t an)) [R0][R, R R, @

where f is a function, while Ax;, Ay; and Az; are the offsets measured along the
positive global-frame directions from O to O;. As shown in Figure 4(a), the offsets
of the five local frames are: AX1 =0, AX2 =11, AXs=AXa=r1 + Ry, AXs =ri + Ry +
R4, Ayl = Ayz = O, Aya = Rz, Ay4 = Ays = Rz + R3, Az1= A2, = Az3 = O, AZs = Ra, AZs
= Rs + Ra4. The rotation matrix of eq. (2) is the product of three rotation matrices
that express a sequence of rotations resulting in a specific local frame orientation
with respect to the global frame. The rotation matrices equations can be found in
[12], [13] or [14]. As per Fig. 4(a), the three rotation angles corresponding to
segments 1, 2 and 5 are all zero, which means [RY] = [R@] = [R®] = [I], the
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identity matrix. The rotation angles corresponding to the other three segment
frames are: p3=03=0:=vya=7/2, y3=0, pa=T7.

Consistent with their six-DOF structure, the local-frame compliance matrices
of the four segments of eq. (2) are formulated as:
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where j = 1 or j = 5 denote the straight-axis segments 1 and 5 while k = 2, 3 or 4
identify the circular-axis segments 2, 3 and 4. The individual compliances of egs.
(3) are explicitly provided in [12], [13] or [14].

Four hinge designs, with their geometric parameters specified in Table 1,
were used to compare the analytical and finite element (FE) compliances. Beam
elements with six DOF per node were utilized in the ANSYS software to model the
3D flexible hinge of Fig. 4(a). The three circular-axis segments were meshed with
50 elements of constant cross-section while the two end straight-axis filleted
segments were discretized with 10 tapered elements each. Six unit loads (three
forces and three moments) were sequentially applied at the free end of the FE
model and the resulting six displacements (three translations and three rotations) at
the same end were queried — these displacements are the actual FE compliances.
The analytical and FE values for a few compliances are included in Table 2. Both
simulations employed the following material properties: Young’s modulus of
97-10" N/m? and Poisson ratio of 0.3. The relative differences between the two
methods results were very small, with maximum values not exceeding 0.5%, as
also shown in Table 2.
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Table 1
3D hinge designs with corresponding geometric dimensions (in [m])
Design # d rn=rs R Rs R4
1 0.002 0.01 0.02 0.02 0.02
2 0.0015 0.01 0.03 0.02 0.03
3 0.002 0.01 0.02 0.025 0.015
4 0.002 0.015 0.02 0.02 0.02
Table 2
Analytical (A), finite element (FE) compliances and relative percentage (%) error
Design Results uy=fy Cux*fy Curmz Co,-m, Cez*my
# [NL-m] [NL-m] [NY [NL.m?] [N1.m7]
A 0.193 —0.125 —4.140 143.46 3.938
1 FE 0.193 —0.125 —4.140 143.39 3.949
% error 0 0 0 0.049 0.279
A 0.605 —0.393 —13.015 450.360 12.446
2 FE 0.603 —0.393 -13.011 449.995 12.481
% error 0.331 0 0.031 0.081 0.280
A 0.177 —0.129 —4.015 141.913 4.922
3 FE 0.177 —0.129 —4.015 141.841 4.936
% error 0 0 0 0.051 0.284
A 0.242 —0.146 —4.895 145.165 3.938
4 FE 0.241 —0.146 —4.888 144.838 3.949
% error 0.413 0 0.143 0.225 0.279

3. NEW TRIPOD MECHANISM

Three identical 3D flexible hinges are coupled to a rigid link, as illustrated in
Fig. 3(a). Functionally, the resulting tripod mechanism is a 3D parallel-connection
hinge where the input (a six-component force vector [f], for instance) and the
output (e.g. the resulting six-component displacement vector [u]) are related to the
common rigid link.

The three flexible hinges are connected in parallel with respect to the
common rigid link; as a consequence, the tripod compliance matrix [Cc] and the
corresponding stiffness matrix [Kc] are calculated in terms of the reference frame
Cxyz (see Fig. 3(b) ) as:

cal-(3eeT ) o
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The translation and rotation matrices of eq. (4) are detailed in [13] and [14]; these
matrices are generically calculated as:

[Teo,J,., =[ &% ay,.82) ] [RO]=[R, ][R, |[R, ] ©)

The offsets of the three hinges are: Axi = Ax; = Axs =0, Ay1 =R, Az = 0, Ay
= Ays = —R-cos(n/3), Az, = —R-sin(n/3), Azzs = R-sin(n/3). The rotation angles of the
three hinge local frames are: 1 = @2=@3=0,0: =0, y1= y2=y3=0, 62 = 27/3,

03 = 4n/3. The compliance matrix [Co] of the three identical hinges is determined
by means of egs. (1), (2) and (3).

A tripod mechanism prototype was 3D printed from ABS plastic material
with the following geometric parameters: r1 = rs = 0.006 m, R, = R3 = R4 = 0.02 m,
d =0.003 m, and R = 0.03 m. The material Young’s modulus was determined to be
E = 97-10" N/m? and a Poisson’s ratio p = 0.3 was used. The prototype and
experimental setup are pictured in Fig. 5. An electromagnetic actuator (Thorlabs
VC625M) was utilized to apply various forces at the tripod rigid-link center C
along the vertical (x) direction and the resulting displacements along the same
direction were measured by means of a laser displacement sensor (uEpsilon NCDT
ILR 1320-25). Several test runs were performed, each consisting of forces
increasing by a 0.5 N increment in the 1 — 6.5 N force range. The force-
displacement characteristic of each test run was remarkably linear. The average
experimental x-axis stiffness of the prototype tripod was 366 N/m. The
corresponding analytical stiffness (calculated by means of egs. (4) and (5)) was
371.2 N/m, which indicated an experimental-analytical relative error of 1.4%.

Fig. 5 — Tripod mechanism prototype with experimental setup.
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4. STRESS-CONCENTRATION MAXIMUM LOAD AND
DISPLACEMENTS

The maximum load and displacements are modelled here for a 3D flexible
hinge, as well as for a tripod mechanism, by taking into consideration the stress
concentration at the filleted root segments that are fixed.

The maximum values of the external load and resulting displacements at the
free end O with respect to the other (fixed) end of the flexible hinge sketched in
Fig. 4(a) are determined by the allowable levels of stresses, which are influenced
by stress concentration at the filleted portion of the hinge fixed end. The flexible
hinge mainly undergoes bending, torsion, and axial-load deformations under the
action of the 3D load applied at O resulting in normal stresses ¢ and tangential
(shear) stresses t. The normal and tangential stresses are combined into an
equivalent normal stress by means of von Mises criterion, which considers the state
of plane stress, namely

Oy =No'+31" —> o, = \/( Ky O, max + KO max )2 +3(K Ty )2 . (6)

The second eq. (6) qualifies the limit case where the stresses reach their
maximum values omax, Tmax and the equivalent stress becomes the allowable normal
stress 6a. The same eg. (6) also accounts for the stress concentration factors Ky
(normal bending stresses), Ka (normal axially-produced stresses) and K: (shear,
torsionally-produced stresses).

Free end

AYs

(b)

Fig. 6 — (a) Load vector [fn] at free end of 3D Cartesian flexible hinge; (b) Net cross section at the

fixed end and point P of maximum stress.

Consider the external force vector [fn] = [fax fy Mnz M My ] is applied
at the free end O of a 3D Cartesian flexible hinge, as shown in Fig. 6(a) and which



52 Nicolae Lobontiu, Jozef Hunter, Brian Robles

generates maximum loading at the fixed end A of the last segment. The
corresponding maximum normal stresses result from the bending moments My,
and Myy around the z and y axes, as well as from the axial force N. Not accounting
for shear-force effects, the maximum shear stress is due to the torsion moment M;.
It can be shown that these stresses reach all a maximum at point P of Fig. 6(b).
The maximum normal and shear stresses are calculated as:

Mb,zymax I\/Ib,yzmax N M.r

O ax = + d— Ty =, )

I I A

For the extreme case, which corresponds to maximum loads at the fixed
section at end A, the maximum loads of eq. (7) are:

My, =—f (R +Ry)+ f (L +R, +R, +r)+m,,
My, = fo (Ry+R,)+m, + f (L +R, +R, +1),
M, = fhy(R3+R4)+th+ fo (Ry +R3),

N =f,

(8)

Given Z . = Youx = \/Ed (see Fig. 6(b)), as well as the area properties | =
nd*/64, 1, = nd*/32, A = nd?*/4 of the net cross section of diameter d, the maximum
normal stress of eq. (7) is written as:

Gmax = G (D) fr + Gy (2) fhy +Gy, ()M, +Gy, (3)mhy +Gy,(2) f, 9)

where the geometric raiser factors — introduced in [12] — that multiply the load
components are:

32K, (R, —-R,) 4K

a .

G, = + ;
O G n (10)
32K, (R +R, +R, +r, 32K
G..(2)= o (3 4Ry — 5);GKG(3)= o
\/End \/Ercd
Similarly, the maximum shear stresses are formulated as:
Tmax = GK‘L’ (2) fhy + GKT (4)mhx + GKr (6) fhz ' (11)
where the geometric raiser factors are:
16K, (R, +R 16K 16K, (R, +R
GKT(Z)Z t( : 4);GK1(4)= ° t'GK‘E(G): l( 2 3)

nd? nd®’ nd? (12)
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The assumption is applied now that each of the stress terms forming oma in
eq. (9) and tmax in EQ. (11) is a fraction ¢ of the allowable normal stress 6a, namely:

G, f, =cro.; G, (2) fhy =Cy, Oa Gy, (38m,, =c,,c

GKc (3)mhy = Cmyca; GKc(Z) fhz = sz,cGa; (13)
GKr (2) fhy = ny,rca; GKr (4)mhx = mec GKr (2) fhz = sz,rca'

a’

Equations (13) enable expressing the maximum forces to be applied at the free end
of the 3D flexible hinge:

Cfx - ny c ny T
fhx,max =~ <0, fhy,max =min ’ "GO, —0, |5
GKO’ (1) GKG (2) GK-:(Z)
sz . Cm Cmy

m = Oy My max = y Oy My max = Oy
hz,max GKG (3) a hx, GKT (4) hy, GKG (3) (14)

- ( szc sz T ]
fma = MIN —— G, ———"0, |
Gy, (2) G..(2)

The participation coefficients c introduced in eq. (13) are all smaller than 1.
Combining egs. (6), (7), (9) and (11) yields the following relationship between
these coefficients:

(Co +Cpy g+ Cpy +Cpy + cfw)2 +3(Cpyp + o + Ciy )2 =1. (15)
The load components of eq. (14) are collected in a load vector:

|: 1:h,max ] = [ fhx,max fhy,max mhz,max mhx,max mhy,max fhz,max :IT ! (16)

that can safely be applied at the free end of the 3D flexible hinge. The maximum
displacements at the same point are calculated based on the hinge compliance
matrix of eq. (1) as [Unmax] = [Col[frmax].

The individual maximum load vectors are evaluated for each of the three
identical 3D flexible hinges making up the tripod mechanism in the tripod global
frame based on the hinge maximum load [fimax] determined in eq. (16) as:

[0 [R0T J ) =228 an

where the rotation and translation matrices of the three hinges are calculated as
detailed in section 3. The maximum load applied at the center C of the tripod
mechanism and the corresponding displacement vector at the same points are:
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[fmx1=§[f;azax]: (U] =[C ][ o] 19

where the mechanism compliance matrix [Cc] is expressed in eq. (4).

There are multiple ways of selecting the load participation coefficients while
complying with the constraint eq. (15). We are proposing two possible choices
here. One variant considers that all participation factors that are related to the
normal stress have equal weights and that all coefficients derived from the shear
stress have equal weights, as well:

Cfx = ny,c = sz = Cmy = sz,c =q ny,‘C = me = sz,r = rac ' (19)

where ra = 1a/oa is the ratio of the allowable shear stress to the allowable normal
stress. Combining egs. (15) and (19) results in:

1

m =CZ,G:—;
v Jos g2t

I
=C =C = a

v e s ore?

A typical value of the ratio r, for most homogeneous and isotropic materials
isra=0.6.

The second variant assumes that all participation coefficients are equal except
for the two coefficients connected to the force f;; this hypothesis is consistent with
the tripod mechanism operating under the sole action of the force f, in a piston-type
motion. According to this assumption:

Cfx = ny,o‘ = sz =C

(20)

Cix =Cty,o =Cmz =Cmy =Cyc =Crx =CiCpp . =Ml (21)

Egs. (15) and (21) result in the following relationship that was derived for r, = 0.6:

—(2+3r,)c,, + \/7 — 3[(1— 2r, )chJ2 =06

14 (22)
- o.014(—19c,2,5 + fi75-3c2_ )

Because ¢ > 0, a limit value resulting from eq. (22) is - < 0.693.
The approximate stress concentration factors are calculated as per [17]:

2r or Y or )
K =C,+C,| —— [+C,| —— | +C, | ——— | , 23
o 2'(2r+dj 3'(2r+dj 4'(2r+dj 23)

C=
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where | stands for a (axial), b (bending) or t (torsion); the values of the
coefficients Ci of eq. (23) for the three loading types are provided in Table 3.
They are calculated based on the equations presented in Charts 3.4, 3.10 and 3.13
of [17] and on the generic circular cross-section member with shoulder fillet of
Fig. 7 when considering that t=rand D = 2r + d.

Fig. 7 — Generic member of circular cross-section with shoulder fillet — based on [17].

Table 3
Polynomial coefficients for axial, bending and torsion stress concentration factors.
Ci C2 Cs Cs
Axial 1.984 -2.063 1.931 —-0.855
Bending 2.022 -2.468 2.091 —-0.648
Torsion 1.613 -1.853 2.052 —0.804

The maximum loads and related displacements of the 3D flexible hinge and
the tripod mechanism are influenced by the defining geometric parameters and the
load participation. To identify these relationships, a numerical study has been
conducted based on the analytical models developed in previous sections; a few of
the resulting conclusions are formulated and included next together with some
associated plots.

The six geometric stress raisers are directly influenced by the 3D hinge
geometric parameters, either directly or through the stress concentration
coefficients Ka, Ky and K as seen in egs. (10) and (12). Increasing the values of the
geometric stress raisers reduces the maximum load components, as indicated by eq.
(14). Simple inspection of these equations helps formulating the following
conclusions: all the geometric stress raisers increase when the diameter d
decreases; increasing the fillet radii r; and rs results in larger values of Gks(2);
Gko(1), Gks(2) and Gk.(6) increase when R; increases; Gk:(2) and Gk.(6) increase
when Rj3 increases; Gks(2) and Gk.:(2) increase with R4 increasing while Ggs(1)
increases when R4 decreases. Fig. 8(a) plots the variation of Gks(2) in terms of rs,
while fig. 8(b) shows the variation of the ratio Gk+(2)/ Gk(2) in terms of d.
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Fig. 8 — Plots of geometric raisers: (a) Gks(2) (in m=2) in terms of rs; (b) Gks(2)/ Gk<(2) in terms of d
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Fig. 9 — Plots of hinge maximum forces (in [N]): (a) fhzmax in terms of rs; (b) fhzmax in terms of Rz .

Another set of numerical simulations analyzed the influence of geometric
parameters on the maximum load to be carried by a single 3D flexible hinge. The
material properties of all numerical analysis were those of stainless steel 17-4PH
that is used in 3D printing of metal parts (see [26]), namely: Young’s modulus E =
2-10'! N/m?, Poisson’s ratio p = 0.3, allowable normal stress ca = 45-107 N/m?, and
allowable stress ratio r. = 0.6. The load participation coefficients were calculated
as in egs. (19) and (20) with the assumption of equal weights in normal and shear
stress components. Fig. 9 illustrates the variation of two maximum hinge forces
with respect to geometric parameters. Variation of all the maximum load
components in terms of all the geometric parameters followed the trend described
in this section in relation to the geometric stress raisers.
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Fig. 10 plots the variation of the forces fi,. and fi,. in terms of the load
participation factor cr; based on the load distribution assumption expressed in
egs. (21) and (22). It can be seen that for smaller values of ¢, the maximum
force fizmax IS frzc because fizc < frz: — as per eq. (14) — whereas for larger values of
Cr,c the relationship between the two force components reverses and the maximum
force is fz..

4.0 1.0
35 0.8
3.0
25 0.6
fhz,c fh
2.0 0.4 Z,T
1.5
0.2
1.0
05 0.0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Ciz,o Cfzo

(a) (b)
Fig. 10 — Plots of hinge maximum forces (in [N]): (a) fhzc in terms of Ctz,6; (D) fhz in terms of e .

The plot of Fig. 11 show the variation of the maximum hinge displacement
Unzmax iN terms of the radius Rz. The equal-stress distribution criterion of egs. (19)
and (20) was used for these plots. Since the displacements are proportional to the
external loads and the latter ones depend on the geometric stress raisers (as
discussed previously in this section), the maximum hinge displacement displayed
the expected variation with the geometric parameters.

Two maximum displacement u;max and maximum force f,max OF the tripod
rigid link center C are plotted in Fig. 12 in terms of the radius R based on equal
participation in normal and shear stresses — egs. (17), (18), (19) and (20). The
other maximum loads/displacements of the tripod mechanism exhibited variations
similar to those of Fig. 12.

0.008 /

0.006

Uhz,max
0.004

0.002
//

0.008 0.010 0.012 0.014 0.016 0.018

R2 [m]
Fig. 11 — Plot of hinge maximum displacement unhzmax (in [m]) in terms of Rz .
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0.0080 200
0.0075
0.0070 180 fz,max
Uz,max
0.0065 160
0.0060
140

0.0055

0.02 0.03 0.04 0.05 0.06 0.02 0.03 0.04 0.05 0.06

R [m] R[m]
@) (b)

Fig. 12 — Plots of tripod performance in terms of R: (2) Maximum displacement uzmax (in [m])
(b) Maximum force fzmax (in [N]) .

The plots of figs. 8, 9, 10, 11 and 12 were graphed for the following constant
parameters: d =0.001 m, r1 =0.008 m, rs = 0.004 m, R, = R3 = R, =0.02 m.
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