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ABSTRACT 

 

This paper studies proof of concept in which soft material displacement during 

indentation is measured by a change in light intensity as the indenter is pushed 

into a soft material. The Light Dependent Resistor (LDR) sensor, which is 

embedded within a transparent hemispheric indenter, is used to measure the 

intensity of light while the indenter is on the surface and within the soft 

material.  The change in light intensity contributes to a gradient that can be 

used to calculate the displacement of the soft material. The calculated 

difference in light intensity is converted into a displacement with the mean 

conversion factor obtained from the calibration equation. Measurements were 

carried out on three silicone samples with varying elastic properties over a 

range of different light intensities. By referring to linear regression and R-

squared values, the proposed concept has high consistency in measuring the 

difference of light intensity for various materials at different initial light 

intensities with more than 95% of R-squared values. In addition, the mean of 

variance between measurements, reflecting repeatability, is within an 

outstanding 1.5%. In the meantime, the accuracy of the proposed concept 

tested concerning the actual displacement is less than 10% of the variation. 

With promising results, the proposed design can be applied as a standalone 

technology or as an extension to a hand-held soft material characterization 

device for further improvement. 

 

Keywords: Displacement Measurement; Light-dependent Resistor; 

Indentation; Soft Material Deformation 
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Introduction 
 

Characterization of soft materials, especially soft tissues, plays a significant 

role in biomedical applications. In the case of breast cancer, the elasticity 

characterization is used to differentiate between healthy and unhealthy tissues. 

For the past few decades, the characterization process has been carried out 

using a clinical breast examination machine. During the process, the target 

tissue will be exposed to a variety of actuating elements to regulate the 

deformation. The tissue elasticity is then retrieved from the deformation result. 

The approach, however, has disadvantages, such as the characterization 

process which can only be conducted by experienced clinicians, resulting in 

higher clinical costs and time-consuming. In addition, the availability of the 

machine is still limited and thus prevents early detection, which may be 

devastating for cancer patients [1]. Several studies have recently been 

conducted to provide a compact, inexpensive, and accurate self-

characterization device [2]-[5]. With such a device, early screening can be 

performed on a personal basis and avoids an awkward feeling [6]. 

As the soft material characterization can be made from the elasticity 

measurement, force and displacement are the two important parameters to be 

considered when evaluating the elasticity [7][8]. This paper focuses on the 

calculation of the second parameter that is the displacement during 

deformation. 

 

 

Displacement Measurement 
 

Sahu et al. [9] applied a visual inspection using an optical camera and a 

hyperspectral imaging sensor to observe the transverse displacement of the 

lesion. However, when the camera is used, the privacy of the patient can 

become a concern. On top of that, the unit can be bulky with the attachment of 

certain instruments.  

The rapid development of the strain gauge includes a variety of strain 

gauges, including the application to measure the displacement of the lesion. 

The strain gauge is usually connected to a beam, such as a cantilever beam, 

where the deflection of the beam is converted into the strain measure [10][11]. 

A small gap is needed to allow the beam to be deflected. However, some 

particles, such as debris or fluid, may fill the gap and affect the measurement. 

The fibre optic sensor is another type of sensor used in the displacement 

measurement [12]-[16]. Optical-based sensors have many advantages over 

strain gauges, such as high feedback rate and sensitivity [10][17][18]. 

Puangmali et al. [17] used a single fibre optic to transmit light source to a 

reflector that is attached to the deformation tip, and the reflected light is 

captured by another fibre optic sensor before being analysed by a 
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photodetector. The efficiency of the mechanism on the uneven surface is, 

however, poor. Liu et al. [19] added three pairs of transmitters and receiver 

fibres to allow stable measurements on uneven surfaces, but errors still 

occurred due to inconsistent transmitted light caused by the drift of transmitted 

light and dust particles on the reflector, which can degrade the reflected light 

[17]. 

Hampson et al. [3] used the acceleration sensor to calculate the 

acceleration of the characterization probe, which was then incorporated for 

displacement readings. Although the recorded results showed a high accuracy 

of 4% of the variance with the industrial universal testing unit, the application 

required the user to apply the device at a certain angle to allow an accurate 

measurement of the acceleration. Since dual integration was used, an error 

occurred due to quadratic drift in the measured displacement. 

Indentation is a well-used method for quantifying the mechanical 

properties of a material. In the case of a soft material indentation, the soft 

material is displaced at the point of contact according to the depth travelled by 

the indenter. When the indenter travels through the soft material, the light that 

hits the tip of the indenter is reduced. The change in light intensity contributes 

to a gradient that can be used to calculate the material displacement. With the 

analogy, an alternative approach for calculating displacement is suggested 

using the Light Dependent Resistor (LDR) sensor. 

The LDR sensor has been used in a wide range of applications. For 

example, Nasrudin et al. [20] used the LDR sensor to control the motion of 

their automated robot. In the study, the LDR sensor was coupled with a super 

bright LED as a light source. On the other hand, Dadi et al. [21] used the LDR 

sensor to guide the movement of their solar panels. In the study, ambient light 

was used as a source of light. The two studies showed the ability of an LDR 

sensor to determine light intensity either in a controlled or in an ambient light 

condition. 

 

 
 

Figure 1: The image of the hemispheric transparent indenter with the LDR 

sensor inside it.  
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Methodology 
 

Measurement components 
The proposed concept consists of the NOPRS-12 Light Dependent Resistor 

(LDR) sensor (Advance Phototonix Inc., USA) and the Arduino Nano 

ATmega328 microcontroller board (Microchip Technology Inc., USA).  

A transparent indenter was produced using a transparent epoxy resin. 

The liquid mixture of the epoxy resin and the hardener, at a weight ratio of 3:1, 

was poured into a silicone mould to form the indenter. The indenter had a 

hemispheric tip of 15 mm in diameter and was connected to a 32 mm circular 

guard which was used to isolate the excess force beyond the maximum indenter 

displacement of 7.5 mm. The LDR sensor was embedded within the 

hemispheric tip, with the light-collecting surface facing the subject material. 

Other surfaces, except the hemispheric surface, were painted dark to prevent 

light from reaching the LDR sensor from other directions. The LDR sensor 

was attached to the Arduino Nano board by two extension wires (see Figure 

1). Power was supplied to the Arduino Nano board by a Universal Serial Bus 

(USB) port that was also used to connect the sensor and the device. The 

measured data were transmitted to the machine at a rate of 9.6 kHz without 

any buffering. 

 

 
 

Figure 2: The automated handling system used in the experimental setup. 
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Experimental setup 
The experimental setup is as shown in Figure 2. The indenter is held loosely 

by a circular grip mounted on a fixed extension bar. This allows the indenter 

to travel freely in a vertical direction only. 

An extension rod with a circular tip was mounted on a linear guide rail 

powered by the NEMA 17HS4401 Bipolar Stepper Motor with a resolution of 

200 steps or 5 mm per revolution. The stepper motor, which was regulated by 

the Arduino Mega 2560 R3 microcontroller board (Microchip Technology 

Inc., USA), moved the extension rod vertically onto the indenter and pushed 

the indenter towards the subject material placed on a lifting platform.  

LED light was used to provide additional light to the measurement area. 

The LED light was mounted on an external handle, placed 15 mm from the 

sample. The LED light intensity was adjusted by a potentiometer connected to 

the same Arduino Mega 2560 R3 board.  

 

Test materials 
Instead of using a real soft tissue sample, silicone mixtures were used as a test 

material at this point. The silicone samples used in this study were formed 

using the Ecoflex 00-30 series (Smooth-on Inc., USA), which resemble human 

soft tissue [22].  

Three silicone samples with different elastic values were formed by 

mixing different ratio mixtures of two elastomer components, A and B, which 

are 1:1, 2:1, and 3:1, respectively. The silicone samples were shaped into a 

rectangular cube with a length of 50 mm, a width of 45 mm, and a depth of 20 

mm.  

The elasticity of the samples was determined using the Instron 3342 

industrial universal testing machine (Instron Engineering Corp., UK). In this 

process, the silicone samples were compressed to 5 mm, which was about 25% 

of the strain. The resulting elasticity is shown in Table 1. 

 

Table 1: Elasticity of the silicone samples 

 

Sample Elasticity (MPa) 

A 0.232 

B 0.241 

C 0.289 

 

Data collection 
The transparent indenter with the LDR sensor inside was pushed vertically 

onto the silicone sample by the extension rod at a speed of 2.5 mm/s at a 

constant travel distance of 4.5 mm. The constant distance of travel was 
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accomplished by controlling the steps of the stepper motor. The stepper motor 

was set to drive 180 steps, which was equal to 4.5 mm. 

 

        
 

Figure 3: The image of the indenter with the LDR sensor in two conditions. 

a) The initial condition where the indenter is located on the surface of the 

silicone sample, and b) Final condition where the indenter has moved 4.5 mm 

into the silicone sample.  

Two sets of data were obtained, which are the initial light intensity and 

the light intensity, when the indenter travelled 4.5 mm into the silicone sample 

as seen in Figure 3. Both data sets were recorded for a few seconds. The mean 

value of the recorded data was calculated to reflect a single light intensity value 

at each condition. The calculation was repeated ten times for a range of three 

samples of silicone and several initial light intensities. The light intensity for 

one measurement cycle at three different initial light intensities is shown in 

Figure 4, which highlights the position of the sensor. 

Based on the collected data, the difference in light intensity was 

calculated. The difference in light intensity represents the displacement of the 

sample. A conversion process is required to convert the difference in light 

intensity into displacement. With a known travelled distance of 4.5 mm, in this 

case, a conversion factor, 𝑥, that can be used to convert the difference in light 

intensity into millimetres can be measured using Equation (1). 

 

𝑥 =
𝛼

𝛽
 (1) 

 

where 𝛼 is the known displacement and 𝛽 is the measured difference in light 

intensity. 

 

a) b) 
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Figure 4: Graphic representation of the initial and final indentation showing 

the light intensity concerning time over a single cycle of measurement.  

 

 

Results 
 

Figure 5 shows the mean value of the difference in light intensity at different 

initial light intensities for the three silicone samples. The calculated data are 

then plotted individually in Figure 6 for each silicone sample to study the 

individual behaviour of the proposed concept. Linear regression with an R-

squared value is demonstrated. 

 

 
 

Figure 5: Mean values of light intensity difference recorded at different initial 

light intensities over the three silicone samples. 
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Figure 6: Individual plot of light intensity difference versus initial light 

intensities over the three silicone samples. 
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Figure 7: The box plot of the mean difference percentage for all silicone 

samples at various initial light intensities. 

 

Table 2: Repeatability evaluation 

 

Cycle 
Test 1 

(lx) 

Test 2 

(lx) 

Test 3 

(lx) 

1 68.307 69.538 69.850 

2 69.231 69.714 69.774 

3 68.594 70.043 70.354 

4 69.295 69.313 69.063 

5 69.214 69.697 69.579 

6 69.044 69.228 69.133 

7 69.305 69.401 69.521 

8 68.643 69.917 69.049 

9 68.893 69.958 69.282 

10 68.986 69.292 69.647 

Mean measurement (lx) 69.362 

Largest measurement variance 1.055 (1.5%) 

Lowest measurement variance 0.992 (1.4%) 

 

Two methods were used to test the repeatability of the proposed 

concept. First, it was measured by calculating the mean difference between 

measurements at different initial light intensities over the three silicone 

samples. The results are plotted in Figure 7. For the second method, the 

repeatability was determined by the repeated analysis of the same sample and 

initial light intensity. Here, both the sample (Sample 2) and the initial light 
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intensity (200 lx) were selected at random. The measurement was repeated at 

a time interval between 1 - 3 mins, to allow the sample to return to its original 

shape before the next analysis. The findings are shown in Table 2. 

 

Table 3: Accuracy evaluation of the proposed concept. The conversion 

factors calculated at three displacement values are compared and the mean 

conversion factor is used to convert the difference in light intensity into the 

displacement value 

Initial light intensity (lx) 200  

Displacement (mm) 
2.0  

(80 steps) 

3.0  

(120 steps) 

4.0  

(160 steps) 

Mean light intensity 

difference (lx) 
14.55 24.16 32.99 

Conversion factor 0.137 0.124 0.121 

Mean conversion factor 0.128 

Variance in conversion 

factor 
-0.01 (8%) 

0.003 

(2%) 
0.006 (5%) 

Calibrated displacement 

value using the mean 

conversion factor (mm) 

1.857 3.083 4.21 

Variance of the calibrated 

displacement with the exact 

displacement value (mm) 

-0.143 

(7%) 

0.083 

(3%) 

0.21    

(5%) 

 

The accuracy of the proposed concept depends on the conversion factor. 

Theoretically, the conversion factor should be the same in a controlled 

identical setting. Table 3 shows the evaluation of the conversion factor at three 

displacement points. The three displacement points are achieved by controlling 

the steps of the stepper motor. Based on the calculated conversion factors, the 

mean values are determined and the measured difference in light intensity is 

converted into displacement using the mean conversion factor. The accuracy 

of the proposed concept is assessed by determining the variation between the 

converted displacement and the actual displacement values. The variation is 

shown in Table 3. 
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Table 4: Repeatability evaluation of the percentage of difference in light 

intensity measured at various initial light intensities on the three silicone 

samples 

Initial Light 

Intensity (lx) 

Average Difference 

(lx) 

Percentage 

Difference (%) 

Sample A   

50 18.3 36.6 

100 40.3 40.3 

150 49.4 32.9 

200 66.9 33.5 

250 70.1 28.1 

300 82.3 27.4 

Sample B   

50 11.4 22.9 

100 27.4 28.4 

150 43.6 29.1 

200 64.3 32.1 

250 76.1 30.4 

300 83.6 27.9 

Sample C   

50 16.4 32.8 

100 24.4 24.4 

150 41.1 27.4 

200 66.3 33.2 

250 78.0 31.2 

300 102.4 34.1 

 

 
 

Figure 8: Three measurement cycles are taken with ambient light. Although 

the initial light intensity is identical, different final light intensities are 

recorded. 
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Discussion 
 

Light intensity results 
Figure 5 demonstrates the initial light intensity that plays a major role in the 

measurement process. While the distance travelled by the indenter is constant 

at each initial light intensity, the difference in the measured light intensity 

varies. The difference in light intensity is relative to the initial light intensity, 

which suggests a greater difference in light intensity at a high initial light 

intensity. However, when looking at the percentage of the difference in light 

intensity over the initial light intensity, the value ranges from 20% to 40%, as 

seen in Table 4. While variations throughout the difference in light intensity 

have been seen, concerning its initial light intensity, only a minor deviation is 

observed. It suggests that a similar reduction percentage can be measured at 

any initial light intensity that provides the same travelled distance.  

In addition, Table 4 brings up another question on how to find the best 

measuring condition. Some factors need to be considered. First, the availability 

of light intensity. For a lower light intensity level, the sensor must be concealed 

from the ambient light intensity. In this case, for example, the sensor can be 

mounted within an opaque housing. However, it is very difficult to monitor the 

ambient light as it involves a variety of influences, such as reflections and 

shadings [20, 23]. As shown in Figure 8, measurements are not consistent 

when taken at ambient light, even if the initial light intensity is the same. Dadi 

et al. have also highlighted the similar problem [21]. Alternatively, external 

lighting can be used to provide additional illumination to the measurement 

area. External lighting has been used widely in optic-based applications such 

as reported in Arabzadeh et al. [24] and Khamis et al. [25]. In both studies, 

LEDs were used to generate the light and were placed close to optic sensors. 

The presence of external lighting can provide an evenly distributed 

illumination. On top of that, Durig et al. [26] suggest that the measurement 

should be taken in the absence of the fluorescent light due to the interference 

that it can generate. During et al. recommend the best condition for the 

measurement is in the dark. 

The conversion factor is another element to be considered. The 

conversion factor is required to convert the difference in measured light 

intensity to displacement. Based on Equation (1), a larger difference in light 

intensity is preferable as it results in a smaller conversion factor. The 

sensitivity of the proposed concept would be higher with a smaller conversion 

factor. 

 

Linear regression results 
The linear regression line plotted in Figure 6 shows the behaviour of the 

proposed concept over different light intensities. The regression line refers to 

the expected difference in light intensity at any initial light intensity. From the 
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regression line, the R-squared value indicates how close the real value is to the 

expected value. It can be observed that the R-squared values for all silicone 

samples are more than 96%. It implies that the difference in light intensity at 

any initial light intensity can be predicted with high precision [3]. The results 

demonstrate a high consistency of the proposed concept. 

 

 
 

Figure 9: Combination of measured data for all silicone samples to determine 

linear regression with relation to different materials. 

As seen in Table 1, the three silicone samples used in this analysis have 

different elastic values. It is also essential to note the consistency of the 

proposed concept over different materials. The data used in Figure 5 have been 

combined to find a linear regression line and its R-squared value. As shown in 

Figure 9, the R-squared value is more than 95%. Thus, it suggests that the 

proposed definition can be applied to materials with elastic value in the range 

of 200 to 300 kPa which is a common range for lump in breast cancer [27]. 

 
Repeatability results 
Figure 7 demonstrates excellent repeatability for all samples and initial light 

intensities. It suggests the reliability of the measurement methodology as it has 

achieved repeatability on raw data without any statistical outlier rejection 

being applied. The individual repeatability of the sample determines the 

overall system repeatability, and when the mean response is considered, as 

shown in Figure 7, the variation in repeatability is less than 1.5%. In addition, 

as shown in Table 2, when repeated measurements are performed on the same 

sample, the variance of each measurement concerning the mean value is less 

than 2%, which is similar to the performance obtained by Hampson et al. [3]. 

With excellent repeatability, the proposed method overcomes the repeatability 

limitation of the existing palpation methods especially those with light 

intensity modulated (LIM)-based [28]. 
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Accuracy 
The crucial part of the proposed concept is to convert the difference in 

measured light intensity into displacement. The conversion process can be 

conveniently carried out by using a conversion factor of Equation (1). The 

accuracy of the proposed concept is therefore dictated by the conversion factor. 

As shown in Table 3, the conversion factors calculated at the three 

displacement points are different. Their mean value is determined to quantify 

the difference. By using the mean value, the difference in the measured light 

intensity is converted into displacement. The accuracy is then assessed by 

measuring the variance of the converted displacement concerning the actual 

displacement. It can be shown that the overall difference is less than 10%. 

Although the 10% variation is small enough, the sensitivity of the proposed 

concept needs to be enhanced for material characterization applications where 

a small shift in displacement is significant [15]. On the other hand, the actual 

displacement value is obtained by assuming that the stepper motor has 

accurately generated that amount of displacement [29, 30]. However, the value 

may be different. If the accuracy of the stepper motor is considered, the 

measured variation can be smaller. 

 
Limitations 
There are some drawbacks to the present proof of concept setup. First, the 

additional light used to illuminate the measurement area is isolated and placed 

at a distance from the measurement area. While reliable results are obtained, 

the light comes from one source, and it is possible for shadows to occur and to 

influence the measurement. Future studies should be conducted to identify the 

type and best place to locate additional light so that consistent lighting can be 

added [31]. 

The second drawback of the original setup is that the movement of the 

indenter is regulated by an electrical actuator renowned for its precision. In the 

case of a human-handled indenter, the movement of the indenter may not be 

perfectly vertical and may result in inconsistent compression. The same 

limitation is highlighted in other handheld devices [3, 5, 32]. Specific 

mechanisms for removing the error must be implemented when translating the 

proposed concept into a product. 

For the proposed concept to operate properly, the indenter must be 

completely submerged in the sample. To do this, the material properties of the 

sample under investigation are important [8]. For example, the proposed 

concept cannot be applied to dense materials such as bone. It is therefore 

important to define the operating range of the system, particularly in terms of 

elasticity. In this analysis, only three material samples are used, which are 

inadequate to study the operating range. Further analysis can be done by 

having more samples to determine the operating range [22]. 
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Conclusion 
 

This paper presents an alternative concept in determining the displacement of 

soft materials during the indentation process. The proposed concept uses a 

Light Dependent Resistor (LDR) embedded within a transparent hemispheric 

indenter to calculate the difference in light intensity during the process. The 

calculated light intensity difference is then converted to a displacement value 

with the mean conversion factor obtained from the calibration equation. 

Measurements are carried out on three silicone samples with different 

elastic values and replicated at different initial light intensities. It is found that 

the proposed definition has a very good consistency concerning various 

materials and light intensities, with R-squared values of more than 95% in both 

cases. The repeatability of the proposed definition is quantified by the variation 

between measurements. The proposed concept has achieved very strong 

repeatability, with a variation of 1.5% for each measurement at various 

materials and light intensities. 

As far as accuracy is concerned, the proposed concept can evaluate a 

soft material displacement with a maximum deviation of less than 10%. 

Despite the small variance, the accuracy of the proposed concept needs to be 

improved because the displacement value is crucial in material 

characterization.  

With further enhancements, the proposed concept can provide a 

cheaper, compact, and accurate alternative to calculate the displacement of 

compressed soft material. Soon, it can be used in a portable application for 

material characterization, such as an early screening device for cancer lesions. 
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