
引言

已经有很多人尝试通过使用颜色判别标准科学

地表征不同人种的皮肤类型，其中大多数方法

都是基于肉眼观察对皮肤颜色的评价。最常用

的评价方法是哈佛大学的皮肤病学家Thomas 

B. Fitzpatrick在1975年提出的基于数值分类图

表的Fitzpatrick标度。该方法将皮肤类型划分为

6个类别。对于保健和护肤品行业，该方法也

被认可用作划分人类皮肤对可见光响应的皮肤

人类皮肤的可见光
反射光谱：CIEL*a*b*
颜色分析在不同
人种皮肤表征中
的应用

病学研究工具之一。Fitzpatrick标度是更早期的Von Luschan色度的现代化，后

者使用36块不透明的玻璃片表征皮肤的颜色。图1所示为Von Luschan玻璃片描

述的人类皮肤的颜色范围。Fitzpatrick标度将这些颜色划分为6种皮肤类型：白

化、白色、淡棕色、地中海棕色、深棕色、黑色。

直观比较实验对象的皮肤与标准玻璃片的颜色，找出最接近的匹配。这种视觉

检查和比较的方法现在看来是存在误差的，因为其结论受主观因素影响是易变

的，在很多实例中不同研究者对同一实验对象的测试结果是不同的。
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视觉检查结果的差异主要是因为人眼对颜色敏感度的变

化和环境照明条件的不同。目前视觉方法已经逐渐被反

射分光光度法所取代，因为后者不会受制于人体和环境

的变动。

配备有积分球的分光光度计可以精确测量人体皮肤的反

射光谱，还可以配置颜色分析的数学方法，使肤色评价

成为一种严密、可重复、准确的技术。颜色分析的数学

方法使用样品的百分比反射率光谱、给定照明光源的光

谱响应曲线以及三种人眼可见颜料的光谱灵敏度，得到

反映样品视觉颜色的量化标准。也就是说，现代光谱颜

色分析方法可以计算出颜色的数值，对应于人眼在特定

照明条件下看到的颜色。

反射光谱测量的数据与样品的化学成分直接相关。人类

皮肤分为三个亚层：角质层（起保护作用的一层死细

胞）、表皮层和真皮层。反射光谱可以穿透上述三个皮

肤亚层，包含其化学成分信息。表皮层仅由细胞构成，

其底部有内含黑色素的黑素细胞。表皮层的主要化学成

分是蛋白质（色氨酸、苯丙氨酸和酪氨酸）、DNA、黑

色素和尿刊酸。真皮层除了含有细胞之外，还包含神经

和毛细血管。真皮层的化学成分还包括氧合血红蛋白、

还原血红蛋白和胆红素。

本研究将通过颜色分析方法评价Von Luschan颜色图

表玻璃片和不同人种皮肤的反射光谱。尽管光谱颜色

分析方法比直观检查更加可靠，但是对于理解人类皮

肤着色的化学机理该方法仍有一些不足。颜色分析方

法虽然可以很好地测量肉眼看到的颜色，但是仅限于

定性评价样品可见光的颜色性质。

实验

样品反射光谱的测量使用装有150 mmSpectralon积

分球的LambdaX50紫外-可见-近红外光谱仪。使镜面

反射口保持原位，以便获得全反射光谱。将实验对象

的前臂内侧放置于积分球的漫反射口，采集皮肤样品

的光谱。Von Luschan玻璃片的光谱也使用漫反射口

进行测量。图3所示为150 mm积分球处于全反射模

式时的样品光路。镜面反射光和漫反射光都被收集。

为了全面研究不同类型的人类皮肤，本研究中测量了

从轻度白化到美国黑人等多个人种的实验对象。
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Variations in the color sensitivity of the human eye as well 
as differences in ambient lighting conditions are the main 
factors for visual inspection variation. Visual techniques have 
largely been replaced by reflectance spectrophotometry 
methods that do not suffer from human and environmental 
fluctuations. 

Modern spectrophotometers equipped with integrating 
spheres are capable of making accurate reflectance 
measurements on human skin. There are also numerous 
mathematical color analysis  methods that make the 
evaluation of skin color a rigorous, reproducible, and 
accurate technique. Mathematical color analysis utilizes the 
sample’s percent reflectance spectra, along with the spectral 
response curve of a given illuminant, in conjunction with 
the spectral sensitivities of the three visual pigments of the 
human eye to yield a quantitative metric that represents the 
sample’s visual color. Thus, modern spectral color analysis 
permits one to calculate three numbers that correspond to 
what the human eye sees as color under defined lighting 
conditions.

Reflectance spectroscopy measures data that is directly 
related to the chemistry of the sample. Human skin consists 
of three sub layers; 1) the stratum corneum is a thin layer of 
dead cells employed for protection, 2) the epidermis, and  
3) the dermis. Reflection spectroscopy penetrates and 
contains chemical information from all three of these 
skin sub layers. The epidermis is made up of only cells. 
The bottom of the epidermis contains specialized melanin 
containing cells called melanocytes. The major epidermal 
chemistry originates from proteins (the amino acids 
tryptophan, phenylalanine, and tyrosine), DNA, melanin, 
and urocanic acid. The dermis contains nerves and blood 
capillaries as well as cells. Additional dermal chemical 
constituents include oxygenated hemoglobin, deoxygenated 
hemoglobin, and bilirubin. 

This study will evaluate reflectance spectra, obtained from 
both the Von Luschan’s color schema tiles and a range of 
ethnic human skin subjects, by color analysis methods. While 
spectroscopic color analysis is far more reliable than visual 
inspection, it will still have its shortcomings for understanding 
the chemistry of human skin coloration. This is because more 
than one distribution of spectra data can give rise to the 
similar color values. While color analysis does an excellent job 
of measuring what the eye sees, it is limited to evaluating 
only the visible, qualitative color properties of samples.

Experimental

Reflection spectra of samples were measured with a 
LAMBDA 1050 UV/Vis/NIR spectrophotometer equipped with 
a 150 mm Spectralon integrating sphere. The specular port 
was in place so that total reflectance was obtained. Skin 
sample spectra were collected by having the subject place 
the inside forearm of the arm against the diffuse reflectance 
port of the sphere. Von Luschan’s tile plates were measured 
at the diffuse reflectance port as well. Figure 3 shows the 
sample beam path in a 150 mm sphere configured in total 
reflectance mode. Both the specular and diffuse reflectance 
components are collected. In order to fully investigate the 
range of human skin types, subjects from a wide range of 
ethnic types were measured for this study. The subjects 
ranged from very light albino to black African American.

Figure 1.  Von Luschan’s color scale.

Figure 2.  Layers of human skin involved in reflectance spectroscopy.

Figure 3.  Lightpath in a 150 mm integrating sphere.
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图1.Von Luschan颜色标度。

图2.反射光谱中涉及到的皮肤结构层次。

图3.150 mm积分球中的光路。
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样品光谱的显示和处理使用PerkinElmer的UV WinLabTM 

V6谱图分析软件。样品的颜色分析使用PerkinElmer的颜

色分析软件，按照国际照明委员会CIE 1976 L*a*b*规程

使用400~700 nm的标准波长范围。该分析方法使用CIE 

1964 10
。
标准观察者以及标准光源C（代表了对应色温

为6774K的平均日光照明）。

本研究在颜色分析过程中选择了CIE L*a*b*颜色空

间。L*a*b*颜色空间将色度分量和亮度分量进行分

离，使得对样品的色度和亮度分别进行研究成为可

能。

图4形象地说明了一个典型的L*a*b*颜色图中L*分量和

a*b*分量的分离。在这个三维空间中，x轴代表绿色/红

色（a*），y轴代表蓝色/黄色（b*），z轴代表暗度/亮度

（L*）。色度和亮度的分离对于肤色分析是非常重要的。

人类肤色的亮度主要决定于表皮层底部的黑色素含量，而

皮肤色度的主导因素是真皮层的血红蛋白和胆红素。

既然我们可以对颜色进行量化地测量，也就可以将人

类皮肤与Von Luschan玻璃片进行比较。关键问题在

于：Fitzpatrick标度中使用的玻璃片与人类皮肤的颜色接

近程度如何时才算是匹配？由于使皮肤和玻璃片产生颜

色的化学成分差异很大，这是一个需要考虑的问题。

结果

在人类皮肤光谱中，可见光的波长能够穿过相对透明

的表皮层，与富含血管的真皮层中复杂多样的化学成

分发生相互作用。图5所示为剥离的猪皮表皮层的百

分比透射光谱。对于可见光的波长来说，表皮层是相

对透明的，仅因为散射过程而减弱到达真皮层的可见

光（400 nm以上区域）。400 nm以下的紫外光被尿

刊酸、DNA的核酸环和蛋白质的芳香氨基酸等细胞成

分所吸收。表皮层的广泛吸收表现为280 nm附近的

吸收峰。

皮肤的反射光谱主要决定于真皮层的化学成分，随不

同人种皮肤类型而变化。血红蛋白和黑色素含量的变

化使光谱形状有显著的改变，如图6所示。

图4.L*a*b*颜色空间。
图5. 猪皮表皮层的百分比透射光谱。

图6.不同人种皮肤类型的反射光谱。



For transparent skin types, such as albino, the incoming light 
penetrates deeply into the dermal tissue. In the mid-visible 
region of the spectra the twin peak structure (540 nm and  
580 nm) of oxygenated hemoglobin is clearly seen. The oxygen 
free form of hemoglobin, with a single peak at 560 nm, is 
buried under the oxygenated hemoglobin peaks. A broad 
combined oxygenated and deoxygenate hemoglobin peak is 
found at 425 nm. A small peak for bilirubin appears at 540 nm.  
All of the compounds are present because of the generous 
blood supply of the dermal tissue layer. 

Melanin plays a significant role in the spectroscopy of ethnic 
skin types. Melanin is a black polymer made from variations 
of the amino acid tyrosine. The melanin polymer has a very 
broad absorption from 200 nm all the way out to over  
1000 nm in the near infrared. Melanin is concentrated 
in special cells called melanocytes that can be found in 
the basal cell layers at the bottom of the epidermis. The 
darker the skin, the more melanocytes populate this 
bottom layer just above the dermis (Figure 2 – Page 2). 
As these melanocytes increase in number, the more they 

make an effective “screen” to block harmful UV light from 
reaching the vulnerable dermis. If the light is absorbed by 
the melanocytes, it is prohibited from reaching the dermis 
and interacting with the compounds there. The darker skin 
types start to lose the spectral features associated with the 
dermal chemistry. Black African skin spectra consist solely 
of features related to melanin reflectance. The gradual 
wavelength dependent increase in the percent reflectance 
of black skin types is due primarily to the decrease in the 
melanin extinction coefficient with wavelength.

We can now consider how the reflectance spectroscopy of 
human skin compares to the Von Luschan’s plates used for 
ethnic characterization. Figure 7 shows three representative 
ethnic skin spectra (red spectrum-Albino, green spectrum – 
Hispanic, and blue spectrum – African) overlaid with the range 
of Von Luschan’s plate spectra (black spectra). There is little 
correlation of the peak structure between the two groups. This 
is not surprising when you consider that the coloration of the 
plates is due to the properties of inorganic pigments, but skin 
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Figure 7.  Spectral comparison of Von Luschan’s plates and ethnic skin types.

color arises from biological aromatic compounds. The electronic 
bonding signatures for these two groups of compounds are 
considerably different. Many plate spectra display a cut-off 
feature typical of inorganic compounds; whereas, the skin 
spectra are have numerous peak like features. 

The Von Luschan’s plate reflectance spectra were analyzed 
by the CIE L*a b* color methodology and the values 
collected in Table 1. Also the L* values for lightness/
darkness are correlated in the table with the Fitzpatrick 
Scale skin types.

Table 1.  CIE L*a*b* color analysis of Von Luschan’s plates.

Von Luschan’s  
Plate # L a b Fitzpatrick Scale

Blank 90.19 -0.40 -1.21 
Number 1 88.59 -0.04 -2.17 
Number 2 87.46 -0.64 -0.78 
Number 3 90.07 -0.69 -0.46 
Number 4 89.62 -1.75 6.72 Type I (scores 0-7)
Number 5 88.73 -0.49 5.17 L = 100 - 85
Number 6 88.68 -0.88 5.91 
Number 7 88.12 1.45 -0.18 
Number 8 86.98 0.56 0.47 
Number 9 87.94 -0.58 0.92 
Number 10 90.18 -0.90 1.48 
Number 11 89.12 -0.57 2.95 Type II (scores 8-14)
Number 12 88.56 -0.79 7.22 L = 100 - 86
Number 13 88.99 -1.60 8.24 
Number 14 89.00 -1.63 8.32 
Number 15 85.06 -1.05 12.32 
Number 16 83.08 -1.12 19.49 
Number 17 80.09 -1.84 25.02 
Number 18 82.82 -0.32 29.05 
Number 19 80.93 0.77 21.72 
Number 20 80.36 -0.26 35.82 
Number 21 77.10 2.46 41.80 Type III (scores 14-26)
Number 22 76.56 2.81 39.00 L = 85 - 60
Number 23 75.60 3.60 26.83 
Number 24 75.77 3.61 27.16 
Number 25 71.32 2.99 27.96 
Number 26 68.47 4.02 24.32 
Number 27 57.44 10.53 21.54 Type IV (scores 27-29)
Number 28 53.02 14.02 17.75 L = 59 - 40
Number 29 46.33 10.86 16.55 
Number 30 39.61 11.97 13.22 
Number 31 38.41 12.62 11.93 Type V (scores over 30)
Number 32 37.78 11.37 11.09 L = 40 - 35
Number 33 36.61 8.70 7.64 
Number 34 30.60 5.95 5.78 
Number 35 30.83 2.37 -0.36 Type VI
Number 36 28.94 1.22 -5.40 L = 35 - 0

对于白化等透明的皮肤类型，入射光较深地穿透到真

皮组织。在可见光区域的中部，氧合血红蛋白的双峰

（540和580 nm）在光谱上清晰可见。还原血红蛋白在

560 nm处的单个吸收峰被氧合血红蛋白的吸收峰所掩

盖。氧合与还原血红蛋白的重叠宽峰出现在425 nm。

胆红素在540 nm处有一个小的吸收峰。真皮层组织中

有丰富的血液供应，所以全部成分都可以观察到。

黑色素是由酪氨酸衍生得到的黑色高分子，对于皮肤

的光谱有显著的影响。从200 nm到超过1000 nm的近

红外区域，黑色素都具有非常宽的吸收。黑色素集中

存在于黑素细胞中，这种特殊的细胞分布在表皮层底

部的基底细胞层（表皮生发层）。肤色越深，紧贴真

皮层的表皮层底部（如图2所示）分布的黑素细胞越

多。黑素细胞的数量越多，阻止有害紫外线到达真皮

层的能力越强。如果光线被黑素细胞吸收，也就不会

到达真皮层并与其中的成分发生相互作用。皮肤的颜

色加深时，其光谱上与真皮层化学成分相关的谱图特

征开始消失。黑人皮肤的光谱仅包含与黑色素反射相

关的谱图特征。黑色皮肤的反射率随波长的渐变主要

是因为黑色素的吸光系数随波长增加而递减。

现在，我们需要考虑如何比较人类皮肤与用于表征肤

色类型的Von Luschan玻璃片的反射光谱。图7显示了

三种有代表性的皮肤类型（红色光谱-白化型，绿色

光谱-西班牙型，蓝色光谱-黑人型）与相应范围内Von 

Luschan玻璃片（黑色光谱）的光谱重叠。两组光谱的

吸收峰结构特征基本没有相关性。如果考虑到玻璃片

的颜色产生于无机颜料而皮肤的颜色产生于芳香类生

物体成分，上述现象并不意外。这两类化合物的电子

成键特征是显著不同的。很多玻璃片的光谱显示出无机

化合物典型的截断特征，而皮肤的光谱有很多的吸收峰

特征。

使用CIE L*a*b*颜色分析法对Von Luschan玻璃片的反

射光谱进行分析，结果总结于表1。表中还对代表亮度

的L*值与Fitzpatrick皮肤类型进行了关联。

图7.Von Luschan玻璃片与不同人种皮肤类型的光谱比较。

4

表1. Von Luschan玻璃片的CIE L*a*b*颜色分析结果



玻璃片的L*值从89（浅色）到29（深色）不等，分

布范围达到了60个L*单位。在色度值确定之后，Von 

Luschan玻璃片颜色的人为因素开始变得明显。图8将

色度值a*对b*做图，x轴代表红色/绿色分量，y轴代表

蓝色/黄色分量。颜色最浅的玻璃片是黄绿色的，而颜

色较深的玻璃片中红色分量更多。颜色最深的玻璃片

是蓝红色的。正常情况下，健康的人类皮肤中不会出

现蓝色和绿色。

The L* values for the plates cover a range from 89 (light) 
to 29 (dark), for a total L* range of 60 L* units. When the 
hue values are assessed, the possible artificiality of the Von 
Luschan’s plate colors start to become apparent. Figure 8 plots 
the a* vs. b* hue values, where the x axis represents the red/
green component and the y axis represents the blue/yellow 
component. The hues for the lightest plates are greenish-
yellow changing to more reddish values for the darker plate 
colors. The darkest plates are a bluish-red. Blue and green are 
hues that are not normally found in healthy human skin.

Contrast this with the hue values plotted for the reflectance 
spectra of human skin from different ethnic subjects 
displayed in Figure 9. Note that the data is arranged in 
a single group located in the yellow-red quadrant of the 
graph. As ethnic skin tones darken from albino to black 
African the shades (hue components) of yellow-red generally 
increase. This is no doubt due to the color of human skin 
being dominated by hemoglobin and bilirubin chemistry 
located in the dermis.
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Figure 8.  Plotted CIE hue values a*b* for Von Luschan’s plates.

Figure 9.  Plotted CIE hue values a*b* for forearm reflectance ethnic human 
subjects.

Table 2.  CIE L*a*b* color analysis for ethnic human skin 
(forearm).

Forearm  
Spectra Ethnic Group L a b

Subject Ra Albino 72.86 5.02 10.24

Subject TRA Albino 71.67 5.98 11.61

Subject Ta Light Caucasian 70.45 7.00 13.09

Subject TJA Light Caucasian 69.89 8.21 14.60

Subject Ja Light Caucasian 69.31 9.45 16.19

Subject Ji1 Caucasian 67.55 9.77 17.89

Subject Ch Caucasian 67.38 6.17 15.80

Subject Gr Caucasian 66.46 8.83 17.25

Subject Ne Caucasian 66.32 8.82 12.62

Subject Ji2 Caucasian 66.03 8.11 17.45

Subject Deb Caucasian 66.00 10.52 17.08

Subject St2 Caucasian 65.37 8.27 17.23

Subject Je Tanned Caucasian 64.01 8.21 15.25

Subject Ka Tanned Caucasian 63.43 10.45 21.23

Subject Ki Tanned Caucasian 59.55 10.72 19.43

Subject De Tanned Caucasian 59.44 12.88 22.14

Subject Ca Hispanic 56.76 10.17 22.66

Subject Ci African American 54.37 11.84 22.58

Subject St1 Caribbean 52.43 12.25 18.42

Subject My Caribbean 49.87 10.01 19.66

Subject B2 African American 39.07 12.15 15.82

Subject B1 African American 34.46 9.77 10.93

Complete color L*a*b* data for ethnic human skin is 
compiled in Table 2. From this table we see the L* values 
for the skin measurements range from 73 (light) to 34 
(dark). When the ranges for the L* values from the Von 
Luschan’s plates and human skin are compared we note 
that the skin L* values span the smaller range of 39 L* 
units; whereas, the Von Luschan’s plate’s range is 60 L* 
units. The primary reason for the more compact range in 
human skin is most likely due to the surface structure of 
the reflecting cells. The surface texture of skin is rougher 
than the plates. Surface texture plays an important role in 
diffuse reflectance spectroscopy. The smoother the surface 
of a diffuse reflecting sample, the brighter it will appear 
to the eye. This is because a ‘rough” surface is composed 
of tiny holes and crevices that can trap incoming light and 
prevent its reflection. The more numerous and larger these 
surface irregularities become, the darker the surface appears 
to the eye. This means that subjects with dry, rough, skin 
will appear darker than equally pigmented subjects with 
smoother skin. 

图9所示为不同人种实验对象的皮肤反射光谱的色度

图。注意，数据点在黄色-红色象限内集中分布为一

组。随着皮肤颜色从白化型到黑人型的加深，黄色-红

色色度值呈增加趋势。毫无疑问，这是因为人类皮肤

的颜色主要确定于真皮层中存在的血红蛋白和胆红素

成分。

完整的人类皮肤颜色L*a*b*数据收集于表2中。从中

可见，皮肤的L*值从73（浅色）到34（深色）不等。

比较Von Luschan玻璃片与人类皮肤的L*值，可以发

现皮肤的L*值分布范围更窄，仅有39个单位，而Von 

Luschan玻璃片的L*值分布范围达到了60个单位。皮肤

的L*值分布范围更窄的主要原因很可能在于起反射作

用的细胞的表面结构。与玻璃片相比，皮肤的表面质

地更加粗糙。表面质地对于漫反射光谱有很重要的影

响。漫反射样品的表面越平滑，看起来就越明亮。因

为“粗糙”的表面包含微小的孔洞和缝隙，可以捕捉

入射光而阻止其反射。表面的凹凸不平越多或越大，

看起来就越暗。也就是说，对于同等肤色的实验对

象，干燥粗糙的皮肤看起来要比光滑的皮肤更暗一些。

图8.Von Luschan玻璃片的CIE a*b*色度图

图9. 不同人种前臂皮肤反射光谱的CIE a*b*色度图
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表2. 不同人种皮肤（前臂）的CIE L*a*b*颜色分析结果
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结论

对于不同人种的肤色分析，使用配有150 mm标准积分球

的紫外-可见分光光度计和CIE L*a*b*颜色分析法是一套

切实可行的方法。该方法是具有很好重复性的定性分析技

术，优于以前那些基于经验观察的方法。真实的人类皮肤

与Von Luschan玻璃片的L*a*b*数据有明显的差异。对做

为Fitzpatrick标度基础的Von Luschan玻璃片的分析结果表

明，玻璃片的生色成分与表面质地导致了人为颜色的存

在。通过大量不同类型皮肤的L*a*b*数据库，可以很简便

地对Fitzpatrick标度进行评估。
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