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	 We developed a microoptical displacement sensor on which a thermal sensor was integrated.  
The sensor was 3 × 3 mm2 in size and 0.7 mm thick including the optical power source and thermal 
sensor.  The optical displacement sensor can measure the linear displacement at high resolution 
without contacting the subject to be measured.  We also investigated the dependence of the sensor 
on thermal change, and we tried to compensate for the dependence when using the thermal sensor 
by applying the correction functions A(T), B(T), and C(T).  These correction functions, which can 
be easily calibrated, corresponded to the thermal correction of the irradiation angle of the optical 
power source, the output power of the optical power source, and the sensitivity of photodiodes (PDs), 
respectively.  From the experimental results, the dependence of the optical displacement sensor 
was reduced from 2.27 to 0.13 µm/°C.  This optical displacement sensor is expected to be used as a 
position sensor for piezoelectric actuators that also show strong thermal dependence.

1.	 Introduction

	 With advances in robotics, robots are expected to be used as human assistants in nursing and 
surgery.  In particular, a robot hand is very important in these applications.  Robot hands need to be 
able to grab and hold an object precisely and sensitively.  Recently, various kinds of robot hands, 
actuated by motors,(1,2) a shape-memory alloy,(3) and piezoelectric actuators,(4,5) have been studied 
and reported.  In particular, piezoelectric actuators have many merits, such as high accuracy, 
high power capacity, and low power consumption.  However, their behavior depends greatly on 
temperature.(6–9)  This thermal dependence reduces the accuracy of the displacement of piezoelectric 
actuators.  A piezoelectric actuator may be used with a displacement-enlarging mechanism(5) 
because the displacement generated by a piezoelectric actuator is very small.  As a result, the 
displacement error caused by a temperature change is also increased.  Therefore, the piezoelectric 
actuator needs to be controlled by a displacement sensor.  Displacement sensors, based on principles 
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of capacitance,(10) strain gauge,(11) and others, have been developed and are used to control the 
displacement of piezoelectric actuators.  However, these sensors tend to be large and have a thermal 
dependence of their own.  
	 We have reported research on a reflective microoptical displacement sensor.(12–14)  This sensor 
consists of a sensor chip on which 12 photodiodes (PDs) are integrated and a vertical-cavity surface-
emitting laser (VCSEL).  This sensor is very small, easy to fabricate, and has high resolution.  We 
have already reported embedding the optical displacement sensor into a piezoelectric actuated stage 
and controlling the displacement error caused by hysteresis using the optical displacement sensor.(12)  
However, in that report, the thermal dependence of the piezoelectric actuator and the optical 
displacement sensor were not discussed.  
	 In this paper, we report the structure and characteristics of an optical displacement sensor on 
which a thermal sensor was integrated.  We also investigated the thermal dependence of the optical 
displacement sensor and a compensation method for its thermal dependence.
	 One of the novel aspects of this research is the compensation for the change in irradiation angle 
caused by a temperature change.  The characteristics of the optical displacement sensor depend 
largely on the irradiation angle of the VCSEL.  We estimated the change in the irradiation angle of 
the VCSEL utilizing the feature of the optical displacement sensor in which a number of PDs are 
integrated on one chip and corrected for its effect on the measured signals.  This correction method 
can not only be used to reduce thermal dependence but also to ensure the reliability and prevent the 
degradation of the VCSEL.

2.	 Materials and Methods

2.1	 Optical displacement sensor

	 Figure 1 shows the structure of the optical displacement sensor.  The chip in this sensor is 3 × 
3 mm2 in size and 0.7 mm thick, including the optical power source and thermal sensor.  A VCSEL 
chip is bonded to the center of the sensor chip.  The PDs, which are circular with a radius (rp) of 60 

Fig. 1.	 (Color online) Structure of the optical displacement sensor and thermal sensor.
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μm, are placed concentrically with the VCSEL at the center at an inner radius (ri) of 650 μm and an 
outer radius (ro) of 950 μm.  A thermal sensor was integrated on the chip.  The height of the VCSEL 
is 200 μm and the distance from the chip surface to the glass cover, zcover, is 1300 μm.  This optical 
displacement sensor requires an external mirror as the object to be measured.  zm is the distance 
from the glass cover to the external mirror.  
	 Figure 2 shows the principle of the optical displacement sensor.  After an optical beam is emitted 
from the VCSEL to the external mirror, it is reflected from the mirror and returns to the surface of 
the optical displacement sensor.  When the mirror moves linearly in the z-direction, the beam profile 
on the surface of the displacement sensor and the outputs of each PD are changed.  From the change 
in outputs, the sensor detects the displacement of the external mirror.  The signals for measuring the 
displacement of the external mirror are defined as Eqs. (1) and (2).

	 Sinner = PA1 + PB1 + PC1 + PD1	 (1)

	 Souter = PA2 + PB2 + PC2 + PD2	 (2)

	 In these equations, Pn is the output of PDn, and Sinner and Souter are the sums of the output signals 
of the inner four PDs (PDA1, PDB1, PDC1, and PDD1) and outer PDs (PDA2, PDB2, PDC2, and PDD2), 
respectively.  Sinner is mainly used to measure the displacement.  Souter is used to correct the thermal 
dependence.  
	 Figure 3 shows the optical displacement sensor integrated with a thermal sensor and an enlarged 
view of the thermal sensor.  There is an Al pad at the center of the sensor chip, and 12 PDs and one 
thermal sensor are integrated on the chip.  We used four inner PDs and four outer PDs and did not 

Fig. 2.	 (Color online) Principle of the optical displacement sensor.
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use the middle four PDs in this study.  The thermal sensor consisted of one resistor and an NMOS.  
An equivalent circuit for the thermal sensor is shown in Fig. 3.  This thermal sensor detects the 
difference between the thermal dependence of a resistor and an NMOS.  The NMOS has a larger 
thermal dependence than the resistor, and the divided voltage between the resistor and the NMOS 
is largely dependent on the thermal change.  Therefore, the temperature can be determined by 
measuring the potential of the divided voltage.  A potential of 500 mV was applied on a +V pad as 
the power source.

2.2	 Experimental setup

	 The experimental setup is shown in Fig. 4.  The optical displacement sensor was attached to the 
jigs.  The external mirror, which had a Au surface, was attached to a moving stage.  The external 
mirror was placed in front of the optical displacement sensor.  A Peltier heater was placed on the 
back side of the optical displacement sensor.  The heater was connected to a thermal controller.  
The output voltages of the thermal sensor integrated on the optical sensor chip and the PDs were 
measured.  
	 First, the characteristics of the thermal sensor were determined in the experiment.  Figure 5 
shows the output voltage of the thermal sensor integrated on the optical displacement sensor when 
the heater temperatures were 20, 30, 40, and 50 °C.  The room temperature was 23 °C.  The output 
voltage depended on the heater temperature and showed good linearity.  Therefore, we can estimate 
the chip temperature from the voltage measurement.

Fig. 3.	 (Color online) Image of the optical displacement sensor, enlarged view of the thermal sensor, and 
equivalent circuit of the thermal sensor.
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	 The thermal dependence of the optical displacement sensor was determined by measuring the 
linear displacement of the external mirror.  The signals of Sinner_T and Souter_T were calculated using 
the output voltage of each PD when the heater temperatures were 20, 30, 40, and 50 °C.  Figure 
6 shows the results.  The Sinner_T and Souter_T showed a large thermal dependence.  The thermal 
dependence of the front slope of Sinner_T was 2.27 µm/°C, over a measuring range of 100 μm.  The 
differences in peak positions were caused by a change in the irradiation angle of the VCSEL.  
When the irradiation angle is smaller, the distance of the external mirror should be larger so that 
the optical beam is reflected on an external mirror and reaches the PD surface, as shown in Fig. 2.  
Therefore, when the irradiation angle change is small, the peak positions of the Sinner_T and Souter_T are 
shifted too far.  Moreover, the differences in the initial and peak values were caused by the output 
power of the VCSEL and the sensitivity of the PDs.  

3.	 Thermal Compensation and Results

	 We hypothesized that the thermal dependence of the optical displacement sensor was caused by 
the thermal dependence of the irradiation angle of the VCSEL, the output power of the VCSEL, 
and the sensitivity of the PDs.  Therefore, we defined three correction functions: A(T) for irradiation 

Fig. 4.	 (Color online) Experimental setup of the optical displacement sensor and the Peltier heater.

Fig. 5.	 Experimental results for the thermal sensor, integrated on an optical displacement sensor at temperatures 
of 20, 30, 40, and 50 °C.
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angle, B(T) for output power, and C(T) for sensitivity, and corrected the thermal dependence using 
them.  T stands for the temperature of the optical displacement sensor and can be measured by the 
thermal sensor integrated on the optical displacement sensor.  
	 To define a correction function, we measured Sinner_T and Souter_T at two positons of the external 
mirror as a calibration step.  Table 1 shows the output signals of Sinner_T and Souter_T when zm = 0 and 
930 µm, respectively.  When zm = 930 μm, Sinner_20 had a maximum value at 20 °C.  The output 
signals of Sinner_T and Souter_T when zm = 0 μm are denoted as Vinner_i_T, Vouter_i_T, and those when zm = 
930 μm are denoted as Vinner_p_T, and Vouter_p_T, respectively.

3.1	 Definition of A(T)

	 This sensor is largely affected by the irradiation angle of the optical power source because 
the radius of the beam spot on the sensor surface is very important for measuring displacement.  
However, the radius is also changed because of the displacement of the external mirror.  In order to 
separate the effect of the irradiation angle change and the displacement of the external mirror, the 
irradiation angle change (= Θ′) is calculated from Vinner_i_T, Vouter_i_T, Vinner_p_T, and Vouter_p_T, under the 
assumption that the VCSEL has a Gaussian beam profile. The optical power of the VCSEL at the 
position away from the center of the beam (r) is described by Eq. (3).

	 I(r, z) =
2P

πz tan Θ
2

exp −
2r2

z tan Θ
2

2 	 (3)

	 In this equation, P, z, and Θ are the optical power at the center of the VCSEL, light path length, 
and beam divergence (1/e2) at 20 °C, which is 16.8 deg., respectively.  When Θ changes to Θ + Θ′, 
caused by a change in the temperature, the beam profile is described by Eq. (4).

Fig. 6.	 (Color online) Output signals of Sinner_T and Souter_T when the external mirror moved from zm = 0 to 3000 μm 
and the temperature was 20, 30, 40, and 50 °C.
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	 I′ (r, z) =
2P

πz tan Θ+Θ′
2

exp −
2r2

z tan Θ+Θ′
2

2 	 (4)

	 The distances of the inner and outer PDs are ri and ro, respectively.  Therefore, 

	 loge
I(ri, z)
I(ro, z)

=
2r2

o − 2r2
i

z tan Θ
2

2 ,	 (5)

	 loge
I′ (ri, z)
I′ (ro, z)

=
2r2

o − 2r2
i

z tan Θ+Θ′
2

2 .	 (6)

	 The term Vinner_p_T corresponds to the optical power at r = ri = 650 μm, zm = 930 μm, and at the 
temperature of T °C.  The term Vouter_p_T corresponds to the optical power at r = ro = 950 μm, zm = 
930 μm, and at the temperature of T °C.  From Eqs. (5) and (6), Θ′ is described as Eq. (7).

	 Θ′ = 2 tan−1
loge

Vinner_p_20
Vouter_p_20

loge
Vinner_p_T
Vouter_p_T

tan Θ
2 − Θ 	 (7)

	 The Θ′ values are plotted in Fig. 7 for T equal to 20, 30, 40, and 50 °C.  A quadratic 
approximation curve is defined as Eq. (8).

Fig. 7.	 Θ′(T) calculated using Sinner_T and Souter_T and the quadratic approximation curve.

Table 1
The values of Vinner_i_T, Vouter_i_T, Vinner_p_T, and Vouter_p_T at temperatures of 20, 30, 40, and 50 °C.

zm [μm]
Temperature (T) [°C]

20 30 40 50
Vinner_i_T [mV] 0 (=i) 172.3 178.9 177.8 179.2
Vouter_i_T [mV] 0 (=i)   98.1 100.7 104.2 107.8
Vinner_p_T [mV] 930 (=p) 274.2 283.5 289.7 298.9
Vouter_p_T [mV] 930 (=p) 156.1 159.6 160.8 164.3
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	 Θ′(T )  = −1.31 × 10−6T2 − 3.72 × 10−4T + 7.00 × 10−3	 (8)

	 Using Eq. (8), the correct function of A(T) is defined as follows.

	 A(T ) =
I(ri,z)
I΄(ri,z) = tan Θ+Θ′ (T )

2
tan(Θ2 ) exp

−2r2
i

z tan(Θ2 )
+

2r2
i

z tan(Θ+Θ′ (T )
2 ) 22 	 (9)

	 Then, z, the light path length, is described using Sinner_T and Souter_T from Eqs. (5) and (6) when 
the temperature is T.

	 z =
−2r2

i +2r2
o

tan Θ+Θ′ (T )
2

2 Ln
Sinner_T

Souter_T

	 (10)

	 Θ, ri, and ro are the structural values of the optical displacement sensor.  Θ′(T) is calculated 
using Eq. (8) and depends on T.  The Sinner_T and Souter_T values are the output signals of the inner and 
outer PDs, respectively, when the temperature is T °C.  Therefore, A(T) can be determined from the 
T values, which are estimated using the thermal sensor.  Figure 8 shows the A(T) values for T equal 
to 20, 30, 40, and 50 °C.  The A(T) values depend on zm, which can be calculated using Eq. (10).

3.2	 Definitions of B(T) and C(T)

	 Next, we discuss the definitions of B(T) and C(T).  To complete the value at the initial position 
of Sinner_T × A(T) for each temperature, the constant values were decided and subtracted from the 
signals.  The values are plotted in Fig. 9, and the approximate curve, which was named B(T), is 
described in Eq. (11).

	 B(T )  = −5.39 × 10−3T2 + 0.79T + 161.2	 (11)

Fig. 8.	 (Color online) Correction function A(T), calculated using Θ′(T), Sinner_T, and Souter_T.
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	 Also, to complete the value Sinner_T × A(T) − B(T) at the position of zm = 930 μm, the constant 
values were decided and divided from the signals.  The values are plotted in Fig. 10, and the 
approximate curve, which was named C(T), is described in Eq. (12).

	 C(T )  = −7.77 × 10−5T2 + 1.05T + 1.06	 (12)

	 As described, the correction functions A(T), B(T), and C(T) are defined as Eqs. (9), (11), and 
(12), respectively.  These correction functions depend on Sinner_T and Souter_T, which can be measured 
by PDs, and on T, which can be measured by the thermal sensor.  Therefore, the values of these 
functions can be determined at any temperature in the measuring range from 20 to 50 °C, and for 
any position of the external mirror in the measuring range from zm = 0 to 3000 µm.  The term S′inner_T, 
the corrected signal of Sinner_T, is defined as Eq. (13).

	 S′inner_T = (Sinner_T × A(T) − B(T)) × C(T)	 (13)
  
3.3	 Results

	 Figure 11 shows (a)Sinner_T, (b) Sinner_T × A(T), and (c) S′inner_T.  From Figs. 11(a) and 11(b), the 
peak positions of each signals were corrected.   The difference between the peak positions of 
Sinner_20 and Sinner_50 was 108 μm.   In contrast, the difference between the peak positions of Sinner_20 
× A(20) and Sinner_50 × A(50) was reduced to 8 μm by A(T).  From the results in Fig. 11(c), the 
thermal dependence at the front slope of S′inner_T was 0.13 µm/°C, with a measuring range of 100 
µm.  Compared with the thermal dependence of Sinner_T, i.e., 2.27 µm/°C, the value of the thermal 
dependence was less than 6% of the previous value.

4.	 Discussion

	 We now discuss the experimental results.  We succeeded in reducing the dependence of the 
irradiation angle of the VCSEL and reduced the difference in peak positions between Sinner_20 and 
Sinner_50 from 108 to 8 µm using the correction function A(T).  The characteristics of the optical 

Fig. 9.	 Quadratic approximation curve and the 
correction function B(T).

Fig. 10.	 Quadratic approximation curve and the 
correction function C(T).
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displacement sensor are largely dependent on the irradiation angle.  Therefore, the correction of 
irradiation angle is valid not only to reduce thermal dependence but also to ensure the reliability 
and prevent the degradation of the VCSEL.  
	 Moreover, we succeeded in reducing the effect of thermal change on the signal Sinner at the front 
slope.  The thermal dependence decreased from 2.27 to 0.13 µm/°C.  From Fig. 11(c), it is clear that 
the signals of Sinner for each temperature were almost the same at the range from the initial position 
to the peak position.  However, these signals were dispersed far from the peak position because 
of the correction function A(T).  The function A(T) is dependent on the signals of Sinner_T and 
Souter_T.  Particularly, the signal of Souter_T became smaller as the external mirror moved far from 
its initial position.  As a result, the accuracy of the A(T) value decreased with respect to the peak 
position.  Therefore, the dispersion of the S′inner_T signals cannot be removed at positions far from 
the peak position.  This problem may be resolved by adding another correction function defined by 
the signals at zm = 3000 µm to support the correction function A(T).

(a) (b)

(c)

Fig. 11.	 (Color online) Experimental results for (a) Sinner_T, (b) Sinner_T × A(T), and (c) S′inner_T.
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5.	 Conclusions

	 In this paper, we reported the structure and characteristics of an optical displacement sensor 
on which a thermal sensor was integrated.  The sensor was 3 × 3 mm2 in size and 0.7 mm thick, 
including the optical power source and thermal sensor.  We also observed the thermal dependence 
of the optical displacement sensor and the compensation for the thermal dependence of the signals.  
The dependence was reduced from 2.27 to 0.13µm/°C using the correction functions A(T), B(T), 
and C(T).
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