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Abstract: The surgical luminaires play a very important role in surgical operation and diagnostics. Its overall optical design is 

the most important component in the design of the surgical luminaires. The wide variable range of the spot size makes the 

luminaires adaptable to multiple occasions, and the variability is an important indicator for high-grade surgical luminaires. 

However, it is difficult to keep the uniformity of illumination when the size of the light field changes. One of the reasons why 

there are few new surgical lamps with wide range of spot size variation in the market is the lack of theoretical analysis. In this 

paper, we analyze the relationship between the optics of surgical luminaries and the variable light spot by examining a 

hypothetical surgical lamp composed of 7 LEDs, 6 of which can move radially to create the total spot variable. An improved 

multivariate Gaussian function will be used to simulate the variable illumination field. Several important optical parameters 

describing the light field in IEC standard are carefully selected as the independent variables of the Gaussian function. By adding 

seven improved Gaussian functions of single-spot, a mathematical function of all-spot illumination distribution is established. By 

this way, it is easy to find in what manner the illumination distribution of surgical luminaires varies with independent variables 

under the condition of meeting the requirements of international standards. From the calculated results, the important parameters 

for overall optical design are determined, such as the illumination distribution, the amount of spot movement, the maximum 

variation range of the light field and the uniformity of illumination. The graphical representation of the results are also given in 

this paper. The original calculations provided in this article can be used in overall optical design of surgical luminaires with any 

range of light field change. 
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1. Optical Requirements for Surgical 

Luminaires 

According to statistics, more than 50 million surgeries 

are performed each year in the world. Surgical luminaires 

are the most important equipment in surgical operating 

room. The publication [1] revised by the International 

Electro-technical Commission (IEC) in 2009 is the most 

authoritative standard for surgical luminaires. As a member 

of IEC, the Chinese standard of surgical luminaires [2] is 

basically the same as that of IEC. The design of surgical 

luminaires covers a wide range of areas, including optics, 

machinery, electricity, control, appearance, safety and so 

on. This paper will not give a comprehensive introduction 

to the design of surgical luminaires, but focus specifically 

on some of the most important optical problems that must 

be considered in the overall design of variable spot surgical 

lamps. 

According to the IEC standard, the following parameters 

are used to describe the light field of a surgical lamp: 

Light field center LFC: usually the point of maximum 

illumination in the light field. 

Center illuminance Ec: the illuminance at LFC 

Light field diameter���: diameter of a circle around LFC 

where the illuminate reaches 10% of Ec. See Figure 1 

The distribution of light field parameter���: diameter of 

a circle around LFC, the illumination on the circle is 50% 

of EC. 

Depth of illumination: the depth of the region below the 

emitting surface, of which the illumination is at least 60% 

of that of EC. 

As article [3] described, IEC standard is the most 

important document for the design of surgical lamp. 
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However the requirement of IEC standard for the 

distribution of surgical lamp light field is very simple. That 

is the minimum diameter D50 needs to be at least 50% of 

D10. This requirement can be expressed as (1) and (2): 

50

10
= D

D
c                                      (1) 

0.5c ≥                                         (2) 

In fact, (1) and can be visually understood as requiring a 

certain degree of “fullness”. The larger the c is, the “fuller” 

the shape is, and the more uniform the illumination will be. 

Thus we will be referring to the shape parameter "c" as 

“fullness” in this paper. 

 

Figure 1. Light distribution of surgical field, (quoted from [1] p22). 

2. LED Surgical Luminaires 

Traditional surgical luminaries commonly use halogen 

lamps as light source. Halogen lamps have multiple 

problems, including short life span, large light volume and 

slow start up. The most critical flaw is that it generates a 

large amount of heat and can result in wound overheating. 

Ultraviolet radiation from halogen lamps can even cause 

skin cancer. Reference [4] has carried out a large number of 

investigations in 39 countries, proving that the use of 

halogen lamps can be harmful. Reference [5] demonstrates 

that higher temperature can cause an increase in particulate 

matter during surgeries. 

In contrast, the surgical luminaries with a LED light 

source have many unique advantages [6]. LED as the cold 

light source, it will not produce any infrared and ultraviolet 

radiation. It will not cause wound temperature to rise and 

accelerate blood coagulation, which is conducive to the 

recovery of wound after surgery. Surgeons can easily adjust 

the brightness and color temperature according to different 

tissues. LED luminescence is directional, and thus is it easy 

to distribute the light in a controlled fashion, restricting it 

to only areas which light is required. Several kinds of LED 

light sources can be mixed to improve lighting [7]. On top 

of this, LEDs also have a longer life time, start up instantly, 

and can use low voltage DC batteries. It has become an 

industry-wide trend for LED lamps to replace their halogen 

counterparts. A large number of LED surgical luminaries 

have appeared in the market, (ref [8-12]), and there are a lot 

of publications on LED surgical lamp, such as the optical 

characteristics of the lamp [14], reflection type lamp [15], 

the reliability of the lamps [16] and the stability of power 

supply [17]. 

As an example of surgical luminaires of variable light 

spot, the lamp in this paper consists of one central LED 

module and six LED modules arranged in a circle around it. 

Their seven light spots synthesize total light field at a 

distance of 1 m from the LED. Appropriate mechanical 

design [13] enables six peripheral light fields to move 

synchronously along the radial direction to adjust the total 

light field. 

3. Surgical Luminaires of Variable Light 

Spot 

From a practical perspective, variable diameter of the 

surgical lamps are obviously more suitable for different 

surgical needs than fixed spot lamps in a surgical operating 

room. However, most of the surgical lamps on the market 

do not have a variable diameter, and the ones that do have 

poor illumination uniformity. The reason is that designers 

encountered difficulties, such as how to describe the 

lighting distribution and illumination uniformity 

mathematically, and how to meet the requirements of IEC 

standard in the adjustment process. As a result there is 

hardly any research in the area of lamps with adjustable 

light field. The method [18] proposed in this paper attempts 

to address and solve this problem. We successfully used the 

method of simulation calculation with a modified Gaussian 

function to study the regularity of spot variety. Then 

obtained the most important data in the overall design 

include maximum range of diameter change, the most 

suitable single spot shape and the highest total spot 

uniformity of the lamp. 

It should be pointed out here that since the IEC standard 

[1] was established before the emergence of a large number 

of variable spot surgical lamps, which have a bell shaped 

illumination intensity distribution, there is no explicit 

requirement for uniformity in the standard, but only the 

requirement of “fullness”. This has not proven to be a 

problem in early years [3]. But the surgical lamps with 

variable spot often have multi-module, and their spot is not 

always “bell-shaped” in the adjustment. On the other hand, 

the uniformity of illumination is an obvious requirement in 

surgery. It can be said that how to maintain uniformity in 

the process of changing the spot is a new problem brought 

by the new surgical lamps 

4. Modified Gaussian Function to 

Simulate the Illumination Distribution 

of Surgical Lamp 

The Gaussian function [19] has important applications in 

natural sciences, Social Sciences, mathematics and 
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engineering. In the field of optics, the intensity distribution 

of a laser beam with parallel beam shape has proven to be a 

Gaussian function [20]. Among the issues we are 

discussing, the beam angle of surgical lamp is very small, it 

has a near parallel light beam shape, and so the intensity 

distribution could and should also be described using a one-

dimensional Gaussian function [21] 

2
1

exp( )
2

r
y

w

 = −  
 

                              (3) 

Here r is the distance from the origin of coordinate, w is 

the half width of the function peak. In order to describe the 

illumination distribution of surgical lamp better, the 

function (3) should be modified. To do this, add parameters 

d and a(c), then change (3) to (4): 

( )

exp( )

a c
r

y d
w

 
= −   

 

                             (4) 

The fixed exponent 2 in formula (3) was changed to the 

function a (c), then the relationship between illumination y 

and shape parameter c can be described. And d is a 

parameter describing the width of the spot. 

You can find an interesting but important and useful 

property of (4) that when w is fixed, the curves of different 

a(c) will intersect at the point of r=w and the height of the 

intersection is y=e-d. Then d can be used as a parameter to 

control the height of intersection points. This property can 

be seen more clearly in Figure 2. This is why we add 

parameter d into (4). 

On the other hand, as can be seen from Figure 1, ��� is 

the size of the spot, so make the intersection point is 0.1 

high: 

(0.1 )exp d−=  

Solving the equation, we get 

2.30259=d                                       (5) 

So function can be turn into 

( )

2.30259exp( )
 

= −   
 

a c
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Then the following equation is solved by the definition of 

��� 
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Get (6): 

( 11 2)0
2.58592( *10

2r

/ ( ))exp
D

a c−=
−

                (6) 

Similarly, ��� can be obtained as (7):  

50

2

1.20054

r

exp(- /a(c))
D =                           (7) 

From simultaneous equation (1), (6) and (7), a(c) can be 

get as 

2

10

ln( )
ln( )

1.200545ln( )
( )

ln( ) ln( )
a c

c c
= − =                    (8) 

The expression of illumination distribution can be 

obtained as follows 

( )0 2.30

1.200545

ln )

259

(

, , exp
c

w
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= −    
  

 

                    (9) 

With this multivariate function (9), we can 

mathematically describe the illumination distribution of 

surgical lamp with the spot radius w and the saturation 

parameter c conveniently. Graphics of the functions can be 

easily drawn by using mathematical software Maple or 

Mathlab. Figure 2 shows the curves of illumination function 

���r, b, c�	varying from c=0.5 to 0.9 with a fixed single spot 

radius w=100mm. The curves intersect at r=100. This kind 

of figure can easily describe various illumination 

distributions when the spot is ���, and it helps us complete 

our analysis in this paper. 

 

Figure 2. Illumination distribution function of single light spot. 

The illumination area is composed of seven light beams, 

which are described by seven two-dimensional Gaussian 

functions [22]. The seven beams are shown in Figure 3 

 

Figure 3. Schematic diagram of 7 light spots. 
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The coordinate origin of x and y is at the center of the 

beam number 0, and the other six beams are symmetrically 

distributed. All the distance between two adjacent centers 

are ∆. The radii of these seven circles can be expressed by 

(10).  
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Expression (9) is the illumination distribution function of 

beam number 0. The all seven functions with five 

independent variables then can be written as (11) (i=0…6). 
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1.200545

ln( )
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      (11) 

According to the superposition principle of incoherent 

light, the total spot distribution with five independent 

variables is simply the sum of seven Gaussian functions: 

( ) 0 1 2 3 4 5 6, , , , F x y w c f f f f f f f∆ = + + + + + +      (12) 

On the special cross section passing through the center of 

the spot (y=0), the illumination distribution of three spots 

(13) can be simplified as a function of four independent 

variables 
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      (13) 

The total illumination distribution is 

( ) 0 1 2, , ,Fx x w c fx fx fx∆ = + +               (14) 

In many cases, two-dimensional global distribution (12) 

can be described by one-dimensional illumination 

distribution (14). 

5. Variation Rule of Illumination 

Distribution of Surgical Luminaires 

Using (13) and (14), it is easy to get the picture of variety 

of spots with spot radius w and spot shape c for surgical 

lamps. 

 

Figure 4. The overall illumination versus shape parameter c. 

Firstly, the illuminate change with shape parameter c is 

analyzed. Figure 4 illustrates the relationship between total 

illuminance Fx�x, w, c, ∆�	and c when w = 70mm and ∆= 80. 

The variation of c in the figure is within the range of c=0.5-

0.9 which meets the IEC standard. 

Take notice that in Figure 4 when c=0.5, there are two 

depressions. This is obvious because the “fullness” is not 

large enough. But unexpectedly, when the value of c is 

reach 0.7-0.9, there are two prominent peaks near r � �45. 

This is because of the degree of fullness is too large. Only 

when the value of c is about 0.6, the illumination is 

relatively uniform. Similar results are obtained for other w 

and ∆	values. The exact calculation shows that c=0.61 is the 

best value in our design example. 

This analysis finds that the spot is not the fuller the 

better, there is an optimum c value, which makes the spot 

have a better uniformity in all sizes. This is a valuable 

conclusion for surgical lamp designers. 

Secondly, the variation of illumination distribution with 

total spot size was analyzed. It should be pointed out that it 

is not the size of the spot but the ratio of the maximum spot 

to the minimum spot that affects the uniformity of 

illumination. Of course, it is optimal if the total spot can 

change in a wide range, although a large range will 

inevitably lead to uneven spot. With the help of the analysis 

method in this paper, we can get a wide change range and 

keep a high uniformity. In our design example, the spot 

changes from 140 mm to 320 mm, the change ratio is 2.3 

times. Using (13) and (14), with c=0.61, the normalized 

curves are obtained see Figure 1. It can be seen that the 

uniformity of illumination is above 0.9 in all ranges of 

variation. Although IEC does not stipulate the illumination 

uniformity, our result is consistent enough for practical 

application. 
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Figure 5. The overall illumination versus shift amount ∆. 

From above analysis, it can be determined c=0.61 within 

the range 140-320 mm, and the shape of the illumination 

distribution of the spot should be as follows: 

( )( )1.2144
exp 0.0001 r−                         (15) 

This form (15) is the basic requirement of the optical 

design of LED lens in this design. Specific lens design 

methods are not within the scope of this paper.  

 

Figure 6. Minimum light field. 

 

Figure 7. Medium size field. 

Two-dimensional patterns can also be easily obtained by 

(11) and (12). Taking c=0.61 for ∆ = 0, 60 and 90 

respectively, the facula distribution Figure 6 Figure 7 and 

Figure 8 for the optimal lens are obtained. 

 

Figure 8. Maximum light field. 

Shanghai Sansi has successfully manufactured the 

surgical lamp, which has passed the national test and can be 

mass produced. Figure 9 is the head part of model SSWYD-

800 lamp. Six modules change their elevation angle 

synchronously by mechanical transmission to move the 

beam spot of lighting area. 

 

Figure 9. Surgical Luminaries model SSWYD-800. 

6. Discussions 

From the analysis in this paper, we find that the key 

quality index is not the size of shadow-less spot, but the 

“magnification” of spot change. Therefore, we think it is 

necessary to add a parameter of “optical magnification 

factor” for variable spot surgical lamp into IEC standard to 

characterize the performance of surgical lamps. It's just like 

the index “zoom multiple” in a zoom lens. 

The example discussed in this paper has one fixed 

module and six peripheral active modules. In fact, this 

method can also be used in the design of more than seven 

modules of surgical lamps. It is assumed that the 

amplification factor can be increased by adding a circle of 

active modules outside the existing peripheral modules. We 

modeled a design of a lamp with 2 circles of modules, and 

the amplification factors can reach 4 at the same uniformity. 

7. Conclusions 

The modified mathematical model based on Gaussian 

function with multiple independent variables can be used to 

describe the illumination change of the LED surgical lamps 

for variable spot. 

Under the condition of conforming to the IEC standard, 

for a certain “optical magnification factor” design, there is 

an optimum shape parameter “c”, in which spot has the best 

uniformity in all sizes. 

The surgical lamp constructed with seven LED modules 

can achieve the range 140-320 mm of spot changes, and 
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meet the requirements of national standards and uniform 

illumination. 

This method is suitable for the overall optical design of 

surgical lamps, including the single module intensity 

distribution, the peripheral module movement range and the 

total lighting spot variation range. 
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