
 Prototype of An Optoelectronic Joint Sensor Using 
Curvature Based Reflector for Body Shape Sensing 

 

Abstract—This paper demonstrates a working prototype for 
shape sensing using miniature optoelectronic sensors integrated 
into a chain of rotational links. Wearable sensors for rehabilita-
tion, prosthetics and robotics must be lightweight, miniature, 
and compact to allow comfortable range of motion without ob-
struction, and therefore, the integrated network of sensors and 
hardware must be adapted to this. The sensing principle is 
based on light intensity modulation using a curvature varying 
reflector. The modular sensing configuration design offers a 
low-cost, miniaturized approach to shape sensing, compatible in 
clinical applications. A prototype is constructed, and calibration 
is carried out. Shape sensing estimation is evaluated to assess 
accuracy. A four-link rotational chain prototype shows average 
estimation errors of 2.4° for shape sensing compared to an iner-
tial measurement unit. 
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I. INTRODUCTION 

Wearable technology for monitoring the orientations, shapes, 
and motion patterns of human joints has emerged in health 
applications for robotic prosthesis, exosuits, gait analysis, 
physical therapy, and rehabilitation, as well as areas such as 
gaming and virtual reality [1]. Integration of sensors within 
these devices is necessary for accurate position sensing, con-
trol, and actuation. Accurate shape sensing in joints of a ro-
botic prosthetic hand for example will allow accurate motion 
control and can pave the way for integration of haptic feed-
back for more tactile experience for the user. Sensor systems 
in worn body joint measurement devices for rehabilitation of 
patients for post-orthopaedic surgeries or sports therapy, that 
allow healthcare professionals to track the physical health of 
body movements, must be of a compact nature, to allow nat-
ural unobstructed motion by the user. This miniaturisation of 
integrated position sensors is challenging, as they must also 
maintain properties of sufficient sensing range and sensitiv-
ity, while allowing flexibility and lightweight of the overall 
sensing system when integrated into applications such as soft 
robotics, prosthetics, or joint monitoring devices. Commonly, 
joint angle measurement sensing is done through the use of 
optical and magnetic encoders or potentiometers within the 
context of industrial applications. These can measure joint 
angle with great precision, although are not practical for use 
in the mentioned applications for worn sensors, due to large 
size and weight. For this reason, shape sensing for worn body 
sensors focuses on flexible or stretchable sensing units, mi-
croelectronic sensors, as well as optical based sensing.  
Innovative work has been done for angle sensing using film 
and textile-based sensors. These sensors are incredibly versa-
tile as they are flexible, lightweight, and thin. They are 

mainly strain based sensors and induce a signal upon re-
sistance change due to deformation of the material. A study 
in [2] uses an elastic knit fabric coated in a conductive nano-
composite paste and fixed to a frame onto various joints on 
the body to measure joint angle. Some liquid metal strain 
gauge stretch sensors have been developed [3][4] , where film 
microchannels are filled with conductive liquids such as eu-
tectic gallium–indium. These are used for their fluidity for 
higher flexibility of sensors,  and good conductivity and elec-
trical stability.  Some of the downsides however of these 
types of sensors are eventual wearing down due to prolonged 
mechanical deformation, and sensing error from signal drift 
due to the changing of inherent elastic properties over time. 
Repeated contact exposure to some conductive liquids can 
also cause irritation over time. Fabrication may also involve 
multiple complex steps [1]. Flex /strain sensors also display 
signal non-linearity due to elastic material properties and can 
be affected by noise due to material inhomogeneity. Lastly, 
as only stretching is measured, use of this type on sensor as 
an angle measurement sensor is dependent upon constant ge-
ometry from which the sensor is stretched, otherwise precise 
angle measurement or measurement of complex curves is not 
possible.  
Alternatively, microelectromechanical (MEMs) sensor based 
wearable motion devices have been used extensively. These 
components include for example inertial sensors, often used 
alongside magnetometers, accelerometers, and gyroscopes to 
measure orientations in multiple axes. These sensors have 
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Figure 1: (Left) Concept image for light intensity modulated shape sens-
ing for body joints (adapted from Cults3d, OUDLIDK, 2022).(Right) 
The optoelectronic sensor is integrated within joint rotational links, op-
posing a curvature varying reflective surface, that modulates the re-
flected light intensity during rotation due to proximity difference. 
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been used in simple wearable joint measurement sensors for 
estimating limb pose by attaching at each joint on the body 
[5]. Inertial sensors within snake-like robotic manipulators 
for shape sensing in minimally invasive surgery have also 
been developed [6]. These MEMs type sensors are smaller in 
scale and multiple inertial sensors can be integrated along a 
structure. [7] shows SensorTape, a flexible tape with and em-
bedded network of sensors including inertial sensors. Its 
modular design allows required lengths of tape to be used for 
shape sensing in three-dimensional space, and can be at-
tached to limbs, suits, and clothing for motion sensing for dif-
ferent applications.  One drawback however in the use of in-
ertial sensors is that error can arise during pose estimation 
due to magnetic interference, gyroscopic drift as well as error 
from mechanical vibration. 
Another type of miniature sensor with potential for use in 
shape sensing are optical based sensors. An example in [8] is 
a fibre bragg grating (FBG) based soft wearable system used 
in upper limb rehabilitation. FBG technology is based on 
modulating wavelengths of light through gratings that deflect 
upon change in strain. These gratings are often fused along 
lengths optical fibres, and the sensing system can measure a 
few millimetres in diameter and are incredibly compliant, 
flexible, and lightweight. Despite this, error in pose estima-
tion can occur under larger deflections in low stiffness condi-
tions [9]. Due to the laborious process of engraving gratings 
onto optical fibres, making manufacturing difficult, and in-
terrogators for recording the optical signals costing up to 
thousands of pounds, alternative optical based sensing  has 
been explored. Optoelectronics sensors have been used for 
pose and joint estimation. These are miniature reflective sen-
sors of a few millimetres in size and comprise of a light emit-
ting diode (LED) and receiving component such as a photo-
diode or phototransistor, and so can easily be integrated into 
flexible or soft materials as part of a shape sensing system. 
An example of use shown in [10] is a multi-segmented exo-
skeleton for hand rehabilitation along which optoelectronic 
sensors were fitted. Light reflected from each consecutive 
segment of the exoskeleton was measured by the optoelec-
tronic sensors and used to estimate overall angle of the bend-
ing section. Results of these studies showed sensing range of 
90° using multiple sensors. As such, despite use of these min-
iature sensors, the configuration meant that many sensors 
were required for this range.  
Considering alternative optoelectronic sensing configura-
tions, preliminary studies of a variable curvature reflective 
surface with optoelectronics were previously used for joint 
estimation [11], and this study forms the basis of the work 
demonstrated in this paper. This preliminary work demon-
strated a miniature joint estimation technique based on mod-
ulation of reflected light intensity using a reflective curved 
surface coupled axially with a joint housing an optoelectronic 
sensor that opposed the reflective surface, to induce a varying 
voltage signal with rotation, to be used to estimate joint angle. 
As shown in Figure 1, this principle is illustrated. This previ-
ous work investigated this principle and how the sensing per-
formance could be improved in terms of sensitivity, range, 
and accuracy by optimising the curvature variation of the re-
flective surface. In this paper, this idea will be carried forward 
by developing a prototype of a chain-link manipulator inte-

grating this optoelectronic sensing principle to test the feasi-
bility of application into wearable soft or flexible shape sens-
ing applications. By continuing to use the miniature optoelec-
tronics sensor - the NJL5901R-2 (New Japan Radio Photode-
tector, 1.0x1.4x0.6 mm3), the sensing configuration can be 
reduced in size, along with the short distance range respon-
sivity of this chosen sensor (0-2 mm) which enables this fea-
ture of miniaturisation, contrasting to earlier models of sen-
sors used in joint position sensing such as the QRE1113 [12]. 
The compact nature of the sensing configuration means it can 
be integrated into small rotational links and allows versatile 
application due to the essentially modular design, so can be 
tailored to required lengths for particular applications. As 
such, this results in a narrow and flexible shape sensing tool 
for application into wearable devices for physical limb reha-
bilitation, prosthetic robots, as well as haptic gloves, or ex-
osuits in heath as well as gaming and VR to measure complex 
curvatures in one plane. In terms of safety and compatibility 
in human application, the sensor features low power con-
sumption, and does not exhibit signal disturbance due to mag-
netic, material, or electrical interference from other devices. 
The optics-based method ensures fast sampling rate, and the 
sensor cost is low (£0.20/unit), resulting in reduced cost of 
fabrication. Through design of a prototype, calibration of 
each sensor along the chain links will be carried out, so that 
the joint angles and overall shape of the chain manipulator 
can be estimated and evaluated. 

II. THEORETICAL BACKGROUND

A. Sensing Principle
As mentioned previously, the principle of sensing using the 
optoelectronic sensors for joint angle measurement is based 
on the intensity modulation of reflected light, based on prox-
imity to a reflected surface. Comprising of an LED and Pho-
totransistor, the optoelectronic sensor can emit and detect in-
frared light. In reference to earlier work [11], a light intensity 
model was derived in order to predicted behaviour of light 
collected by the phototransistor based on different curved re-
flecting surfaces rather than flat reflective surfaces. This was 
a gaussian based intensity model, predicting the cross-sec-
tional flux 𝜙𝜙𝑐𝑐 collected through the phototransistor (Eq 1), be-
fore converting to a theoretical voltage value 𝑉𝑉𝑡𝑡ℎ (Eq 2).  It 
was shown that by altering the curvature of this reflector, the 
flux collected by the phototransistor could be altered to vary 
the signal voltage variation over a given angular range. By 
designing a reflector that was steeper, or of higher curvature, 
the voltage variation of the sensor could be increased over a 
given joint angle range. As such, the resolution, or sensing 
sensitivity of the sensing system could be altered, for im-
proved accuracy of specialised application, depending on the 
required sensing range. This fact was supported by experi-
mental data collected from testing surfaces of various curva-
tures. 
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𝑉𝑉𝑡𝑡ℎ = 𝜙𝜙𝑐𝑐 ⋅ 𝑅𝑅 ∙ 𝑘𝑘𝑣𝑣 (2)
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III. METHODS & MATERIALS

A. Prototype Design
Based on this work, a prototype of a rigid link chain inte-
grated with the sensing system is developed. To do this, each 
link comprised of the curved reflecting surface. Set over a 
range of 140°, the thickness of the reflector changes over a 
2mm range, shown in Figure 2. This is in line with the sensor 
responsive range in reference to the sensor’s technical data 
sheet, as mentioned in previous work [13], and so proximity 
between the sensor and the curve will increase as rotation en-
sues, resulting in a varying voltage signal. The full prototype 
is seen in Figure 3, consisting of 30mm disk joints linked to-
gether using rotational bearings. A varying curvature-based 
surface reflector is designed as part of the rotational joint, 
with a 47mmdistance between each link. 

B. Calibration Set-up
To evaluate the performance of the sensing system described, 
a prototype of a link chain manipulator was constructed com-
prising of units rotating in one degree of freedom. Each unit 
has the specially designed curve reflector as part of its struc-
ture. The optoelectronic sensor is fixed within a channel 
along the joining link on a sensor mount that can slide along 
the link and allows optimisation of sensor placement. The 
joint link also consists of a bracket used to block some exter-
nal ambient light source .  Bearings are used at each joint to 
allow rotational motion between the units. To calibrate each 
sensor, the testing set up as shown is Figure 2 was used. Here, 
a DC Servo Motor (Dynamixel XL-430-W-250T, ROBOTIS, 
South Korea) was used to generate rotational motion. Each 
optoelectronic sensor was calibrated individually by mount-
ing the disk of one link to the motor horn, with the coupled 
link fixed onto an adjacent fixture. In this way, the sensor was 
fixed within the link, and the coupled unit is able to rotate 
with the motor. All components were designed using CAD 

and 3D printed using PLA (Polylactic acid) plastic material. 
The curved surface reflector area was coloured white for 
higher reflectivity. The sensors were wired to an Arduino 
Mega ADK board (5V). The Dynamixel Motor was powered 
using a 12V supply and connected to a PC using a U2D2 com-
munication USB device. Developed python interface soft-
ware was used to synchronously send motor position com-
mands and record analogue sensor data along with motor en-
coder position data. From this, angular range data was known. 
Hence, each sensor, and coupled link unit was fixed onto the 
testing rig, where the motor was rotated through a set angular 
range, while the sensor signal was recorded. Using the motor 
encoder position as ground truth, a fifth order linear polyno-
mial regression model was used to map the sensor values. 
Equation 3 shows this model for link angle estimation using 
the coefficients C1 to C5, multiplied by the sensor value v for 
that link. Results of this calibration are shown in the follow-
ing section. 

𝜃𝜃𝑖𝑖 =  𝐶𝐶1𝑣𝑣𝑖𝑖5 + 𝐶𝐶2𝑣𝑣𝑖𝑖4 +  𝐶𝐶3𝑣𝑣𝑖𝑖3 +  𝐶𝐶4𝑣𝑣𝑖𝑖2 +  𝐶𝐶5𝑣𝑣𝑖𝑖 +  𝐶𝐶6  (3) 

𝑥𝑥𝑖𝑖 = 𝑥𝑥𝑖𝑖−1 +  𝑙𝑙𝑖𝑖cos (𝜃𝜃𝑖𝑖 + 𝜃𝜃𝑖𝑖−1)  (4) 
𝑦𝑦𝑖𝑖 = 𝑦𝑦𝑖𝑖−1 +  𝑙𝑙𝑖𝑖sin (𝜃𝜃𝑖𝑖 + 𝜃𝜃𝑖𝑖−1 ) (5) 

where  i = 1,2,3,4 

𝜃𝜃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝜃𝜃1 + 𝜃𝜃2 + 𝜃𝜃3 + 𝜃𝜃4 (6) 

Once all the sensors were calibrated, the next tests were used 
to evaluate the sensing performance. Here, a range of shapes 
were constructed using the chain of links of the prototype 
structure shown in Figure 3. An inertial measurement unit 
(IMU)(LPMS-B2, LP-Research) sensor was fixed to the end 
link, to read ground truth angular values of the final link, 
while all sensor data was simultaneously recorded. The sen-
sor data along with the calibration coefficients were used to 
estimate the final link angle using a simple rigid link model. 
Equations (4) and (5) show link position coordinates x and y, 
using link length l and joint angle estimation 𝜃𝜃  for each link 
with the initial link grounded. Equation (6) describes the 
overall angle of the final link as a summation of each esti-
mate. This was compared to the final angle value given by the 
IMU sensor. Results for this are shown in the following sec-
tion.  

IV. RESULTS & DISCUSSION

 
 
Figure 4: Results of calibrating each of the 4 sensors, using the servo motor 
encoder data to map the sensor voltage to a joint estimation angle using a linear 
polynomial regression model. Root Mean Square Error (RMSE) between 
estimation and true joint angle is shown 

Figure 2: (Left) Experimental platform for carrying out calibration of 
each sensing unit in link chain. Rotating unit is attached to motor horn, 
while sensor is mounted onto sensor sliding component of the fixed 
unit.(Right) Curved surface reflector parameters  

Figure 3: Testing prototype using 4 links coupled using bearings to for 
one degree of freedom chain, housing curvature based optoelectronic 
sensing within each joint. 
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In reference to Figure 4, showing the fit between the motor 
encoder angle data and regression model estimates for the 
calibration experiments of each sensor in the link prototype. 
In using a fifth-degree polynomial model for fitting, this was 
able to fit well to the data, with Root Mean Square Error 
(RMSE) ranging between 0.86 to 1.59°. Following on from 
this, Figure 5.1-5.6 show the results of the shape sensing test, 
which included arranging the chain link in varying configu-
rations, and comparing estimated final link angles to that 
given by the IMU sensor attached at the end of the final link. 
The shape configurations are imaged, with an overlay of es-
timated angles for each link. Table 1 shows the percentage 
error between these two quantities. It can be seen that the 
shape sensing technique works relatively well and is able to 
estimate link angles with a degree of accuracy with different 
constructions of shape, with an overall average root mean 
square error of 2.40 °. To improve upon this, future evalua-
tion will involve development of more specialised applica-
tion, with the aim of increasing accuracy and miniaturizing 
the structure. 

V. CONCLUSION

In conclusion, the proposed miniature optical based joint an-
gle sensing principle based on proximity to a varying curva-
ture reflector has been demonstrated through integration into 
a one degree of freedom link mechanism, as a prototype to a 
range of wearable structures upon further miniaturisation. 
Future steps will include more advanced fabrication tech-
niques for a more specialized prototype for directed wearable 
or robotic application to be developed and tested under more 
realistic conditions. Modularisation of the design will allow 
users to tailor the sensor to their needs, such as certain length 
or orientation, to be attached onto various surfaces either on 
the body or various devices. 
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Figure 5.1-6: Shape sensing tests were carried out by constructing varying 
curvatures and positions of the prototype chain (numbered 1-6) and compar-
ing estimates of final link angle against IMU sensor values. Images of the 
constructed shapes are graphically overlayed with estimated link angles 

Link Shape Angle Estimation (°) Actual Angle(°) RMSE(°) 
1 181.78 183.11 1.33 

2 -174.94 -177.75 2.81 

3 1.21 0.83 0.38 

4 -32.72 -30.52 2.20 

5 95.10 91.72 3.38 

6 -96.06 -91.57 4.31 

TABLE I. 4-LINK SHAPE SENSING RESULTS
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