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This study presents an operating light system with spring balancers that perform

Received 22 January 2018 gravity compensation at arbitrary positions in the workspace. The spring
Revised 26 February 2018 balancers, which are made of nominal compression springs with zero-free-length
Accepted 2 March 2018 (ZFL) characteristics, are designed by determining the spring constant, spring
attachment points, and the ZFL parameters. A test rig is developed to validate the
Keywof ds: performance of the balancers, and the unbalanced forces are measured by
Op efratmg lamp changing the vertical position of the astral lamp. Results show that the developed
Sprln.g balancers . spring balancers effectively ensure gravity compensation, independent of the
Gravity compensation lamp position. Equilibrium errors are observed to be approximately 7-8 %,
Zero-free-length which are caused by some additional weight due to auxiliary linkages and the
Compression spring springs.
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Fig. 1 Overview of an operating lamp
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(a) Schematic of an operating lamp with spring balancers
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Fig. 2 An operating lamp with spring balancers
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Fig. 3 Equivalent zero-free-length compression spring
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Fig. 4 Design procedure of the spring balancer
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Table 1 System parameters of the operating lamp

Description Properties Value

Weight (N) 54.2

Link 1 Length (m) 0.90

CG location (m) 0.45

Weight (N) 23.5

Link 2 Length (m) 0.86

CG location (m) 0.40

Astral lamp Weight (N) 34.3
(Ax, Ay) 0.5, -0.2)
Workspace (Bx, By) (1.5, 0.2)
(m) (Cx, Cy) (1.5, 0.5)
(Dx, Dy) (0.5, 0.5)
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Fig. 5 Link angles vs. workspace
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Table 2 Feasibility study of the spring selection
Properties Case 1 Case 2
Stiffness, K (N/mm) 5.1 9.8
Free length, ¢, (mm) 161.9 146.1
Solid length, s,,;; (mm) 235 9.3
vy 0.62 ~ 0.65 0.81 ~ 1.26
Spring 1 b (mm) 140.3 ~ 1429 | 113.0 ~ 141.6
¢ (mm) 52.5 ~ 534 27.6 ~ 345
o Not available 0.00 ~ 0.60
Spring 2 b (mm) Not available 383 ~ 61.3
¢ (mm) Not available 61.3 ~ 98.2
ZFL parameter| e, f (mm) Not available 37.6 ~ 108.5
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Fig. 6 Feasibility study with a variation of the spring attachment
locations
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Table 3 Design comparison of the spring balancers

Properties Spring 1 Spring 2
v 0.81 | 0.99 | 1.17 | 0.00 | 0.24 | 0.48
b [113.0] 1243|1355 61.4 | 49.5 | 415
Design ¢ | 345|314 |288 614761908
pag?ger e | 73.0 | 829 | 96.8 | 77.6 | 81.6 | 90.6
£ | 731|632 | 493 | 685 | 645|555
Spring length | Smax 67.6 | 53.2 | 393 | 58.5 | 54.5 | 45.5
(mm) Smin | 372 | 264 | 154 | 234205 | 13.8
Design As | 204|125 | 44 | 103 | 82 | 33
margin Ae 0.7 | 29.8 | 542 | 183 | 27.0 | 44.2
(%) Af | 07 | 79 | 1001 | 73| 77 | 90
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Fig. 7 Variation of the spring lengths in the workspace
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Table 4 Design summary of the spring balancers
Properties Value
Stiffness, K (N/mm) 9.8
Free length, ¢ (mm) 146.1
Spring .
Solid length, s, (mm) 9.3
Outer diameter, d, (mm) 48.7
Attachment b;, ¢ (mm) (1243, 31.4)
parameters by, ¢, (mm) (49.5, 76.1)
Zero- e (mm) 81.6
freelength f (mm) 64.5
parameters d. (mm) 60.0
Load cell % dp %Pulley ‘{i:“

Winch

Fig. 8 Experimental setup
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Table 5 Measurement conditions

Table 6 Measured rope tension

Position | x (m) | y (m) a(®) 0,(°) 0(°)
1 1.2 0.47 65.5 59.2 22.6
2 1.2 0.37 53.5 56.6 28.2
3 1.2 0.29 454 53.8 334
4 1.2 0.20 394 50.6 38.2
5 1.2 0.12 34.9 47.1 42.8
6 1.2 0.03 31.3 433 47.0

| Winch

(b) Spring balancers
Fig. 9 Photograph of the experimental setup
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. Measurement (N) Mean
Position
1 2 3 4 5 ™N)
1 2.35 2.47 243 2.63 2.47 247
2 2.59 2.78 2.81 2.68 2.72 2.72
3 2.60 2.68 2.51 2.47 2.80 2.61
4 2.30 2.51 2.31 2.64 2.74 2.50
5 2.63 2.77 2.65 2.51 2.65 2.64
6 2.79 2.79 2.75 2.57 2.76 2.73
7.5
& Unbalanced moment (N-m) P °
2 S O o
T | T ]
2 5.0} o . [ P I - g
% - Unbalanced force (N)
°
@
2
S25f T VF———7 7 |
2 Rope tension (N)
=]
%
Position

Fig. 10 Unbalanced properties vs. measured positions
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Fig. 11 Unbalanced moment in percentage
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