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DISCLAIMER 

 

This report was prepared for research purposes only by UL staff.  The information contained herein relates only 

to the products tested for the purposes of this report.  UL LLC does not warrant that this information is complete 

or accurate or is applicable to products other than those actually tested.  This report does not mean that any 

product referenced herein is Listed, Classified, Recognized or otherwise certified by UL, nor does it authorize the 

use of any UL certification marks or the UL name or logo in connection with the product or system.  In no event 

shall UL LLC, or its be liable for any damages, loss, claims, costs, or expenses arising out of or resulting from the 

reliance on, use, or inability to use the information contained herein.  Nor shall UL LLC, or its affiliates be liable 

for any errors or omissions in the report.   
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INTRODUCTION 

 

Recent UL research has focused on developing performance requirements for table saw safety standards 

to help address finger injuries due to contact with the blade. These performance requirements consist 

of a defined relationship between approach velocity (speed of finger at a specified angle relative to 

table/blade) and depth of finger cut (Research Report, 2013). It is anticipated that the most common 

method to test such safety systems for table saws will be the use of a surrogate finger. This surrogate 

finger would be travelling towards the table saw blade at a prescribed velocity and when in contact, or 

very close proximity, initiate (by possessing the proper attributes) the safety device that would mitigate 

or prevent resulting depth of cut. Therefore, in addition to the proper trigger attributes, the surrogate 

finger must possess physical properties that allow it to be cut such that representative, repeatable and 

reliable measurements of the depth of cut can be recorded.   

 

The primary characteristic for the surrogate finger is that it must possess the proper attributes that 

would trigger the particular safety system on the table saw. For instance, a safety system could depend 

upon computer vision looking to identify a finger through attributes such as finger segmentation, shape 

or color (Robla & et al., 2006) (Barrho & et al., 2006). Another system could rely upon electrical 

properties of the finger (and body) as a means to detect finger contact with the blade (Shafer & et al., 

2011) (Gass & et al., 2012). Reference to systems that might include a heat sensor has also been 

published (Reinert & et al., 2009).   

 

In this report, to complement the performance requirements that were developed in the first phase of 

this research project, key attributes of a surrogate human finger - that might be relevant to possible 

safety technologies that could mitigate or prevent blade contact injuries for table saws - are identified 

and discussed with some recommendations that might serve as a basis for test method development1.    

 

 

                                                   

1 All the data in this report is based on a review of the publicly available literature in the English language using 

Google search engine. 
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CHARACTERISTICS OF SURROGATE FINGER 

 

Anthropometry 

 

For a vision based system, the shape and size of the human finger will be a key determinant in activating 

any safety devices that would mitigate or prevent injury from contact with a table saw blade. In one 

study by Westfield State University2, they accumulated a database of over 300 measurements on the 

finger length for all five fingers (Figure 1). The data represents measurements on adults (male and 

female) aged 18-25 with a few older participants.  A simple average calculation of the all finger length 

data reveals the following: 63 mm for thumb, 73 mm for pointer finger, 80 mm for middle finger, 73 

mm for ring finger and 60 mm for pinky with a standard deviation of 8-10 mm. In the design of one 

anthropomorphic robotic finger with biomimetic artificial joints, the length of the robotic finger was 

set to 85 mm (Xu & et al., 2012).  

 

 

Figure 1:  Picture of simple measurement technique for data from Westfield State University 

 

Geometrically, the human finger shape can be approximated as a cylinder.  As stated in (Dendekar, 

2003), the human fingertips have an effective diameter of typically 16–20 mm. In another study of 

                                                   

2 http://biology.westfield.ma.edu/R-Stat/human-measurements 

http://biology.westfield.ma.edu/R-Stat/human-measurements
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hand anthropometry, the thumb breadth for the 50th percentile was found to range from 20-23 mm 

considering both male and females3. One study used a quantitative ultrasound technique to evaluate 

the geometry of the human finger phalange (Barkmann & et al., 2000). The propagation of the 

ultrasound wave through a cross section of circular-shaped long bone showed that the outer diameter 

of the finger phalange is 10 mm and the inner is 6 mm. 

 

As shown in Figure 2, the human skin is formed by multiple layers starting with the epidermal outer 

layer. Depending on body sites, the epidermal skin thickness varies considerably, from 0.1 mm up to 2 

mm (Birgersson, 2012). In addition, epidermal thickness was measured on 214 samples of skin from 188 

volunteers. Variations with the individual, body site, sex and age are described in (WHITTON & et al., 

1973). Table 1 shows a summary of the data, where the sides of the finger and fingertip are of interest.  

For the fingertip, the mean epidermal thickness is 0.369 mm with a standard deviation of 0.112 mm 

whereas for the side of the finger, the mean epidermal thickness is 0.223 mm with a standard deviation 

of 0.093 mm.   

 

Table 1:  Minimum, modal and mean epidermal thickness together with standard deviation for twenty-two 

individual body sites, six main body sites and various other body site groupings (WHITTON & et al., 1973) 

 

 

                                                   

3 http://usability.gtri.gatech.edu/eou_info/hand_anthro.php 

http://usability.gtri.gatech.edu/eou_info/hand_anthro.php
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Mechanical Properties 

 

The mechanical properties of the surrogate finger are important, maybe not directly in triggering a 

safety system, but in ensuring a clean cut by the table saw blade during safety testing.  Clean cut simply 

means that the profile and dimensions of the cut can be measured repeatedly and reproducibly either 

through mechanical or optical means following a well-defined procedure.  The first requirement for 

achieving a representative cut is that the finger possesses suitable rigidity so as not to deflect in a 

manner to reduce the depth of cut. In incidents where a finger comes in contact with a blade, it is likely 

that the cut direction is perpendicular to the length of the finger while the muscles of the operator are 

tensed in approach direction that is from the side of the finger. This would suggest conditions where 

the finger could be at its greatest rigidity.  To help estimate the rigidity of a single finger, the finger can 

be modeled as a cantilever beam consisting of a high modulus cylindrical bone surrounded by soft 

tissue.  Assuming a bone diameter of 10 mm (Barkmann & et al., 2000), a bone length of 70 mm, and a 

Young’s modulus for the bone of 20 GPa4 and using a simple Euler-Bernoulli cantilever beam equation 

leads to a stiffness estimate of 86 kN/m.5  Now a finger surrogate could be held in a position where both 

ends are fully supported or based on a shorter specimen length and allow for the use of different 

materials than bone to achieve these values.      

 

To provide specifications on a material that will provide a clean cut is difficult as it depends upon both 

the cutting tools and work piece material6. For the work piece, the quality of the cut depends upon 

both surface (hardness) and volumetric properties (modulus, strength). Aside from the simple 

guidelines that the resulting depth of cut should allow for repeatable and reproducible measurements, 

there are no explicit material property specifications given here7.  

 

 

                                                   

4 Mechanical properties of bones at http://www.doitpoms.ac.uk/tlplib/bones/bone_mechanical.php 

5 Ignoring the slight rotational degree of freedom available for side to side motion of a finger. 

6 Addressing relevant surface and bulk material properties affecting quality of cut were beyond the scope of this 

work. 

7 Unless a table saw safety system is activated based on mechanical properties.  For these types of systems, more 

information would be needed to understand the workings of the device and the proper selection of mechanical 

properties representing key aspects of the finger that are responsible for triggering the device. 

http://www.doitpoms.ac.uk/tlplib/bones/bone_mechanical.php
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Electrical Properties 

 

Electrical impedance, or simply impedance, describes a measure of opposition to alternating current 

(AC). In quantitative terms, it is the complex ratio of the voltage to the current in an alternating current 

(AC) circuit. In Cartesian form of mathematical expression, it is composed of a real part known as the 

resistance, and an imaginary part which is known as the reactance8. The resistance is the same as the 

impedance when the circuit is driven with direct current (DC). When the circuit is driven by an AC 

source, inductance and/or capacitance will be induced on the circuit component and their effects as 

collectively labeled as reactance. The electrical impedance of a human body or even a single human 

tissue is quite complicated and difficult to determine precisely. The electrical impedance of the human 

body will vary as the frequency of the power source changes. In the following sections, electrical 

impedance of the human skin and body is reviewed, including frequency dependent effects. In general, 

the impedance of the skin decreases as the frequency increases. Taking into account the frequency 

dependence of the skin impedance, the total impedance of the human body is higher for direct current 

and decreases as the frequency increases (IEC/TS 60479-1). 

 

Skin Impedance 

The human skin is a complex organ that covers the exterior of the body. It is the largest human organ 

both by sheer weight and surface area. It is comprised of three main layers: epidermis, dermis and sub-

cutis as depicted in Figure 2.  In 1984, (Ackmann & Seitz, 1984) showed that the electrical impedance 

of intact skin is dominated by the stratum corneum, the outer most layer of the epidermis, at low 

frequencies (≲1 kHz) and by the underlying layers at higher frequencies (≳1 MHz). In numerical 

models, using this type of impedance dependency was shown to help better predict experimental results 

(Martinsen & et al., 1999). 

 

                                                   

8 In polar form, it is described by magnitude and phase. 
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Figure 2:  Cross section of the human skin (source: Wikipedia) 

 

The magnitude of skin impedance is of interest for the design of the surrogate finger, since skin is the 

first contact tissue between the saw blade and human body. Berson (Berson & Pipberger, 1968) 

measured 10 Hz skin impedance at seven locations on 24 subjects and found values as high as 3.5 

MΩ∙cm2. They also reported that larger contact areas yielded lower skin impedance. Skin impedance 

(Swanson & Webster, 1974) was also measured on a single subject from 1 Hz to 1 MHz and found that 

the high skin impedance at low frequencies decreased to a value of about only 200 Ω as the frequencies 

were increased to 1 MHz.  

 

Rosell et al. (Rosell & et al., 1988) measured the skin impedance over a large frequency range at a 

variety of locations on the body including forehead, chest, arm, and legs for 10 subjects (Figure 4). The 

10 subjects were males, with ages ranging from 19-55 and weights ranging from 53-105 kg. These tests 

were run with typical temperatures of 25°C and relative humidity between 60 to 70 percent. The 

electrodes were wet with gel since this is universally used material with surface electrodes to reduce 

contact resistance (Rosell & et al., 1988). The surface electrode is specially arranged to achieve a 

constant known area of 0.55 cm2 at each location. This would have been impossible by merely applying 

disposable ECG electrodes because variations in application pressure would have spread the gel over 

various areas. Then the data was corrected to an area of 1 cm2.  The special arrangement of the annular 

electrode is shown in Figure 3. Current from a distant reference electrode R flows through skin 

impedance Ze, Zg, Zs, and Zt that are the impedances of the electrode, gel, skin, and internal tissue, 

respectively. The Ze+Zg is measured by placing two electrodes face to face. By subtracting V2 by V1, 
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the Zt is obtained. By subtracting Ze+Zg and Zt, the skin impedance Zs is obtained. High-frequency 

skin impedance around 1 MHz plateaus at approximately 120 Ω, whereas low-frequency skin 

impedance varies from 10 kΩ to 1 MΩ. As shown in Figure 4, the skin impedance at 500 kHz drops to 

approximately 300 Ω. 

 

 

Figure 3:  Grounded test electrode with annular special arrangement and the voltage measuring electrodes: V1, 

V2. (Rosell & et al., 1988) 

 

 

 

Figure 4:  Impedance versus frequency (Rosell & et al., 1988) 

 

Human Body Impedance 

In the IEC standard (IEC/TS 60479-1), “Effects of current on human being and livestock - Part I: 

General Aspects”, the influence of frequency on the total human body impedance is presented with a 
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current path from one hand to another hand in dry conditions over a limited frequency range from 25 

Hz to 20 kHz. The total human body impedance ZT is defined as the sum of the internal body impedance 

Zi and the impedances of the skin Zs at the touch points (supply and return).  Figure 5 shows the 

frequency dependence curve of the total body impedance ZT  given in (IEC/TS 60479-1). Results are 

based on measurements collected on 10 living human beings at a touch voltage of 10 V with large 

cylinder electrodes (contact area of approximately 8000 mm2). It should be noticed that one of the 

limitations of the results is that the frequency response of human body impedance is only measured up 

to 20 kHz. 

 

 

Figure 5:  Values for the total body impedance ZT measured on 10 living human beings with a current path 

hand to hand and large surface areas of contact in dry conditions at a touch voltage of 10 V and frequencies 

from 25 Hz to 20 kHz (IEC/TS 60479-1) 

 

Recently, the human body impedance was measured for several configurations in a broadband 

frequency range, from 40 Hz to 110 MHz (De Santis & et al., 2011).  In this bio-statistical investigation, 

30 adult males and 25 adult females were evaluated in a fixed setup configuration. Both grasping contact 

and finger contact were measured.  The grasping electrode consisted of a cylindrical copper rod 

(diameter = 1.5 cm and length = 14 cm), while the finger electrode consisted of a square copper plate 

of area 144 mm2. The tests were conducted with bare footed subjects touching the electrode or contact 

point with wet and saline skin, so these results of the impedance are lower than when the subjects have 

dry skin and are wearing shoes. 
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The setup details of the experiments were based on using either an impedance analyzer with a four 

terminal configuration (Figure 6) or a network analyzer (Figure 7). The measured results are shown in 

Figure 8 and compared with data set (Chatterjee & et al., 1986). An equivalent circuit of the human 

body impedance is also proposed using Vector-Fitting procedure. The network impedance of the 

equivalent circuit is compared with measured result and the IEC simple equivalent circuit (Figure 9) 

for the worst case scenario.  The lowest impedance condition covers a grasping contact, wet skin and 

barefoot configuration.  The detail of the proposed equivalent circuit for this condition is given by (De 

Santis & et al., 2011) and is shown in Figure 10.   

 

 

 

 

Figure 6:  Experimental setups using impedance analyzer for the measurement of the human body (De Santis & 

et al., 2011) 
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Figure 7:  Experimental setups using network analyzer for the measurement of the human body (De Santis & et 

al., 2011) 

 

 

 

Figure 8:  Measured human body impedance compared with the results obtained by Chatterjee et al. 
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Figure 9:  Comparison between the measured, fitted equivalent networks and IEC circuit for the worst case 

configuration 

 

 

Figure 10 Proposed equivalent networks for the lowest impedance condition  
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Thermal Property of Human Skin 

 

One purpose of the skin is to serve as a barrier to external and environmental influences that would 

alter the normal body temperature range around 37 °C.  Skin temperature depends on air temperature 

and time spent in that environment.  Weather factors as wind chill and humidity can also cause changes 

in skin temperature. The normal temperature of skin is about 33 °C (91 °F) (Elert, 2013).  Humans adapt 

to changing air temperature. For example, when humans are very hot, the glands in the skin sweat as 

a means to cool the body. When exposed to cold conditions, the humans shiver, trying to generate heat. 

Figure 11 shows skin temperature on different parts of a nude person measured at different ambient 

temperature.   

 

Figure 11:  Skin Temperature on different parts of a nude person measured at different ambient temperature. This 

figure is adapted from (Olesen, 1982) and presented on the website of Healthy Heating (Arizona State University, 

2005) 
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SUMMARY AND RECOMMENDATIONS 

 

In order to assess the performance of the table saw which comprises an active injury mitigation system, 

the use of a surrogate human finger is recommended. The surrogate finger should be designed to possess 

several general characteristics: 

 

 Triggering: An ability to trigger the selected safety mechanism upon finger contact with (or in 

very close proximity to) the blade. 

 Clean Cut: Material properties that allow the surrogate finger to exhibit a clean cut upon 

contact with the blade. The cut profile should allow for repeatable and reproducible 

measurements. 

 Finger Setup Rigidity: The rigidity of the surrogate finger setup should minimize bending 

during blade contact where a minimum rigidity of 70 kN/m is recommended. 

 

Depending upon the type of safety system on the table saw, the surrogate finger should possess the 

proper triggering attributes. Based on our review of the literature on the types of safety devices for 

table saws that might help mitigate blade contact injuries, some guidelines on the triggering properties 

are as follows: 

 

 Dimensional Trigger: For a system that would trigger based on the geometry of a finger, it is 

recommended that the length of the surrogate finger be 60 mm.  The finger can be modeled in 

cylindrical form with a diameter of 20 mm. 

 

 Electrical Trigger: For a system relying on the electrical properties of the human finger and 

body to determine a contact condition, one approach may be to monitor changes in an AC 

signal supplied to the table saw (via the blade). The mitigation system may generate an AC 

signal at a high frequency to detect the electrical characteristics of a human touching or in 

proximity of the blade. When the human finger makes contact with the saw blade, the 

electrical impedance of the blade is changed due to the effects of the human body impedance 

which leads to a change of the measured AC signal in the table saw system. A monitoring 

system on the table saw will record a change in the measured AC signal and depending upon 
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proprietary evaluations, make a decision that a contact condition has occurred setting off a 

mitigation action9. 

 

When there is blade-finger contact, the blade will first contact the outer dry skin as a worst 

case. This is a worst case since the epidermis layer of the human skin has a relatively higher 

impedance than other body tissue and so the system may continue to operate until the blade 

cuts into the wetter layers beneath. Once the system cuts through the dry skin, contact with 

the deeper layers create a more conductive pathway through the body. This conductive 

pathway allows the system to see the impedance beyond the finger and will include what we 

will simply refer to as the body impedance10.  Therefore, in building a surrogate finger tester, 

the effects of the tester while contacting the saw blade should be electrically equivalent to the 

effects of the human body when the finger is first touching the blade followed by further 

cutting beyond the epidermis. Therefore, the tester must mimic both the local finger electrical 

properties and the human body impedance.  

 

A diagram of one possible surrogate finger construction to test capacitance-based active injury 

mitigation systems is shown in Figure 12. This design consists of a two layer surrogate finger 

model and a human body impedance simulator. The finger skin layer (layer contacting the 

blade first) models the epidermis layer of human skin which has relatively high impedance. 

The finger skin layer of the surrogate finger only models the thin epidermis layer of the human 

skin (and can be set to 0.5 mm).  To help create a connection between the finger skin layer and 

the body simulator, a layer labeled skin body, is inserted. This skin body creates a low 

impedance bridge between the finger skin and human body. But it also provides some bulk 

material that together with the finger skin should also be amenable to clean cutting by the table 

saw blade (with a thickness approaching that of finger diameter of 16-20 mm).  This will allow 

measurements of the depth of cut to assess the performance of the active injury mitigation 

system for a table saw once it is triggered.  Since the human skin and human body impedance 

have been already modeled by the finger skin layer and the human body simulator, respectively, 

                                                   

9 However, the electrical impedance seen by the active injury mitigation system of a table saw can be 

disturbed by other means possible during usage such as cutting of wet wood. This can also create a 

condition leading to a lowering of the overall impedance seen by the active injury mitigation system 

without there being a cause for concern. This would be considered a nuisance condition and is not 

covered by the work described herein. 

10 This body impedance should consist of the internal body impedance and the skin impedance of the 

touch points for return portion of the circuit between electrodes.   
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the remaining layer (referred to as the finger body) can consist of highly conductive material 

such that it will have minimum electrical effects on the model.  

 

For an injury mitigation system that reacts to impedance changes, as the blade cuts through the 

epidermis layer, a higher impedance model for the epidermis layer is selected (Berson & 

Pipberger, 1968) with material for the finger skin (epidermis) having a volume resistivity 

higher than 100 kΩ∙cm but less than 10 MΩ∙cm at DC frequency. It is recommended the 

material chosen to construct the finger body have a volume resistivity less than 10 Ω∙cm to 

create the low resistance link to the body circuit.  In modeling of the electrical impedance of 

the human body, Figure 8 (De Santis & et al., 2011) is recommended as the frequency dependent 

impedance profile that should be replicated.  Furthermore, appropriate grounding of the human 

body simulator is necessary (as shown in Figure 12).  

 

 

Figure 12: Diagram of recommended Finger/Body Surrogate Tester 

 

Finally, it is important to note that the measurement results (Figure 8) taken by Santis & et al. 

were based on measurements recorded in a controlled laboratory environment with touch 

point conditions that may be different than those seen by a table saw operator. Also as the 

quarter wavelength of the generated AC signal is decreased, radiation effects of the human 

body are no longer negligible. For frequencies higher than 10 MHz, different boundary 

conditions in the lab environment (surrounding environment, like wood walls or concrete 

walls with metal bars, etc.) and the radiation effects of human body may alter measurements. 
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Therefore, for systems with an operating frequency over 10 MHz, further investigation may be 

needed in determining the human body impedance rather than using the results provided in 

Figure 811.  

 

 Thermal Trigger: Though the skin temperature may be lower than the body internal 

temperature, it is higher than ambient conditions for persons in most environments and so 

could be used to identify a finger/hand. For a system that is triggered based on heat energy of 

the human finger/hand, it is recommended that the surrogate finger be conditioned prior to 

test at a temperature of 31˚C. Depending upon the measurement system, if it is a non-contact 

system relying on surface thermal radiation then skin surface properties such as emissivity 

would need to be measured.  

 

 

                                                   

11 An anechoic chamber may also be used in such investigation.  
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