
ECS Transactions
     

(Invited) CMOS-MEMS Based Microgravity Sensor
and Its Application
To cite this article: Kazuya Masu et al 2020 ECS Trans. 97 91

 

View the article online for updates and enhancements.

You may also like
Suppressed drift and low-noise sensor
module with a single-axis gold proof-mass
MEMS accelerometer for micro muscle
sound measurement
Akira Onishi, Kohei Shibata, Akihiro
Uchiyama et al.

-

An arrayed accelerometer device of a wide
range of detection for integrated
CMOS–MEMS technology
Toshifumi Konishi, Daisuke Yamane,
Takaaki Matsushima et al.

-

(Invited) MEMS Accelerometer Fabricated
by Gold Multi-Layer Metal Technology
Katsuyuki Machida, Daisuke Yamane,
Toshifumi Konishi et al.

-

This content was downloaded from IP address 18.119.105.239 on 04/05/2024 at 16:03

https://doi.org/10.1149/09705.0091ecst
https://iopscience.iop.org/article/10.35848/1347-4065/ac5b25
https://iopscience.iop.org/article/10.35848/1347-4065/ac5b25
https://iopscience.iop.org/article/10.35848/1347-4065/ac5b25
https://iopscience.iop.org/article/10.35848/1347-4065/ac5b25
https://iopscience.iop.org/article/10.7567/JJAP.53.027202
https://iopscience.iop.org/article/10.7567/JJAP.53.027202
https://iopscience.iop.org/article/10.7567/JJAP.53.027202
https://iopscience.iop.org/article/10.1149/MA2019-02/25/1190
https://iopscience.iop.org/article/10.1149/MA2019-02/25/1190


CMOS-MEMS Microgravity Sensors and Their Application  
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 T. M. Chang, M. Sone, R. Shigeyama, T. Ogata, and Y. Miyake 

 

Tokyo Institute of Technology 

4259 Nagatsuta, Midori-ku, Yokohama, Kanagawa 226-8503, Japan 

 

This paper reviews the feature of newly developed CMOS-MEMS 

(microelectromechanical systems) and MEMS accelerometers and 

its application for a diagnosis of Parkinson’s disease. In order to 

realize micro-G (1G=9.8m/s2) level sensing, we propose and 

develop capacitive MEMS accelerometers with Au proof mass using 

the multi-layer metal technology. In order to reduce Brownian noise 

(BN), which determines the sensitivity of MEMS accelerometer, we 

utilize Au as a high density proof mass. In addition, we investigate 

the crystal structure of Au in terms of the device reliability. 

Furthermore, we demonstrate the validity of applying the MEMS 

accelerometer for the early-stage diagnosis of Parkinson’s disease. 
The experimental results regarding the sensor, the material and the 

diagnosis suggest that our microgravity sensor can pave the new way 

for the early-stage diagnosis of Parkinson’s disease.  

 

 

Introduction 

 
MEMS (microelectromechanical systems) accelerometers are now widely used for a 

variety of applications in automotive, industrial, healthcare, entertainment, consumer 

handheld electronics, and so on (1, 2). The technical progress such as IoT (Internet of 

Thing) and AI demands the micro-G (1G=9.8m/s2) level sensing with small sensor size (3, 

4). In order to realize the micro-G level sensing, MEMS accelerometers with high 

sensitivity have to be developed. The sensitivity of the MEMS accelerometer depends on 

the Brownian noise (BN), which is inversely proportional to the mass of the proof mass (5-

8). In conventional silicon MEMS accelerometers, there are many reported techniques 

using bulk-micromachining and/or wafer bonding (9-17). MEMS accelerometers 

developed by bulk micromachined technology have BN below 1 μG/√Hz and become quite 
large sensor module (6, 7, 13, 14). BN of MEMS accelerometer fabricated by surface 

micromachined technology cannot exhibit the lower value than 10μG/√Hz (18-20). In order 

to realize the high sensitivity, we have proposed capacitive MEMS accelerometers with 

high-density proof mass and have been developing CMOS-MEMS and MEMS 

accelerometers (21-24) using a post-CMOS process compatible to CMOS LSI process (25).  

From the viewpoint of the usage of gold material for MEMS structures, we have 

analyzed Au crystal structure to ensure the device reliability. It is revealed that the 

electroplated Au material has a potential of the material strength. Furthermore, we have 

developed diagnosis of Parkinson’s disease as the application of the high sensitivity MEMS 

accelerometer. So far, walking trajectory and postural abnormality of Parkinson’s disease 
patients and healthy persons are analyzed based on machine learning technique.  

In this paper, we first present our recent research progress of high sensitivity MEMS 

and CMOS-MEMS accelerometers. Next, we show the results of the crystal structure 
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analysis to the electroplated Au. Lastly, an application of the MEMS accelerometer is 

discussed in terms of early-stage diagnosis of Parkinson’s disease. 

 

 

 MEMS Accelerometer for Micro-G Level Lensing 

 

This chapter describes the design concept and fabrication results of the proposed MEMS 
accelerometer for micro-G level sensing. 
 

Design concept 
 

 Figure 1 shows a schematic view of typical CMOS-MEMS and MEMS accelerometers 
(21-24). The MEMS accelerometer consists of suspensions, stoppers, a proof mass as 
upper electrode, and a fixed electrode. When the upper electrode is moving to the vertical 
direction by the input of acceleration, the capacitance is detected by the fixed electrode. 
The stoppers are built to prevent mechanical destruction caused by over-swinging of the 
upper electrode. The Brownian noise BN is given by 

 𝐵𝑁 = √ 𝑘 𝑇𝑏 𝑚  ,                               [ ] 
 

where kB, T, b and m are the Boltzmann constant (1.38×10-23 J/K), the absolute temperature, 
the viscous damping coefficient, and the proof mass of an accelerometer, respectively (21). 
As shown in eq. [1], BN is inversely proportional to the proof mass. Thus, the conventional 
Si MEMS capacitive accelerometers result in a large-sized Si proof-mass when a low BN is 

      
(a)                                     (b)   

Figure 1. A schematic view of CMOS-MEMS accelerometer(a) and (b). 

  
Figure 2. Mechanical noise analysis results.  
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obtained. Here, the density of Au (19.3×103 kg/m3 at 298K) (26) is nearly an order of 
magnitude higher than that of Si (2.33×103 kg/m3 at298K) (27). Utilizing gold material as 
a proof mass can achieve lower BN compared to Si proof mass of the same size. For micro-

G level sensing, the target resolution was determined to be below 50nG√Hz. Figure 2 

shows analysis results of BN as a function of the proof-mass size, where T and b are set to 

be 298K and 1.85×10-5 N･s/m, respectively. The thickness of the Si proof mass is set to be 

10µm as the maximum thickness used for fabricating surface-micromachined MEMS 

accelerometers (27-29). We have developed gold proof mass structures with the thickness 

upwards of 12μm (22). On the other hand, we have to consider the structure of the proof 

mass comprising of the etching hole for removing the sacrificial film. Thus, the proof mass 

thickness will be designed by that of over 10μm. As the thickness of a single gold layer in 

the multi-layer technology was thinner than 20μm, we proposed to utilize multiple gold 

layers for the proof mass. The proof-mass structure with the thickness of 20μm can be 

achieved by using two gold layers in the multi-layer metal technology. 

 

Device fabrication 

 

 Figure 3 shows a schematic image of the proposed single-axis MEMS capacitive 

accelerometer. We utilize the third (M3) and the fourth (M4) layers for the spring structure, 

and M4 and the fifth (M5) layers for the proof mass. Figure 4 describes the device 

fabrication process flow. Firstly, Ti/Au seed layers were deposited by evaporation on a 

thermal-SiO2 as shown in Fig. 4 (a). Gold electroplating process was then used to increase 

the thickness of the first Gold layer (M1). Photosensitive polyimide as a sacrificial layer 

was spin-coated and annealed at the temperature of 310 ℃. An SiO2 layer with a thickness 

     
Figure 3. Schematic image of the proposed single-axis MEMS capacitive 
accelerometer. 

 
(a)               (b)               (c)                (d) 
 

Figure 4.  Process flow. (a) Seed layer deposition, (b) M1 and SiO2 layers patterning,  

(c) M2-M6 patterning, and (d) sacrificial layer etching. 
 

F
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of 1µm was deposited by sputtering (Fig. 4(b)). With the same Au pattering as for M1 layer, 

we made another five Au layers (M2-M6), as illustrated in Fig. 4(c). Finally, all the 

sacrificial layers were removed by O2 plasma etching (Fig. 4 (d)). 

 Figure 5 (a) is a chip view of the developed MEMS accelerometer. A gold proof mass 

was fabricated on a silicon substrate with the footprint of 4mm×4mm. The SEM 

micrograph of the proof mass is shown in Fig. 5(b). The gold proof-mass structure with the 

thickness of 22m was successfully developed by employing M4 and M5 layers. Figure 5 

(c) shows the SEM image of the serpentine spring structure made of M3 and M4 layers. 

Stopper structures were made of M6 layer and set above the proof mass. The serpentine 

springs and the stoppers were placed at each corner of the proof mass. 

 

Experimental results and discussion 

 

Acceleration responses.  We measured capacitance between the proof mass and the 

fixed electrode when Z-axis acceleration was applied to the device as shown in Fig. 6. 

   

 
(a)                        (b)                       (c) 

Figure 5.  Fabricated device. (a) Chip view, (b) proof mass and (c) spring structure. 

 

               
(a)                                   (b)  

Figure 6. Measured capacitance as a function of input acceleration. (a) Experimental 
setup and (b) measurement results. 
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Figure 6 (a) is the experimental setup, where the packaged MEMS device was set on a 

custom-designed printed circuit board (PCB) on a vibration exciter (WaveMaker05, Asahi 

Seisakusho) with the minimum input-acceleration step of 0.01G. A semiconductor device 

analyzer (B1500A, Agilent Tech., Inc.) was used to supply the DC bias voltage of 0.5V 

and measure the capacitance change with a ±0.1-V sinusoidal voltage at the frequency of 

300kHz. Figure 6(b) shows the measured capacitance as a function of input acceleration at 

the frequency of 49.9Hz. The sensitivity was experimentally obtained to be 3.3pF/G. 

 

Frequency characteristics.  For the evaluation of mechanical characteristics and BN, 

we measured the frequency responses of the fabricated MEMS device. Figure 7(a) shows 

the experimental setup with an LCR meter (IM3533-01, HIOKI E.E. Corp.). As shown in 

Fig. 7(b), the resonant frequency of the device was found to be 202Hz with the DC bias 

voltage of 0.5 V. To evaluate the BN of the device, the following relationship (21) was 

used: 

 𝐵𝑁 = √ 𝑘 𝑇𝜔𝑟𝑚𝑄   ,                               [ ] 
 

where ωr and Q are the resonant angular frequency and the quality factor, respectively. 
Table 1 summarizes the design and measured characteristics of the device, and the actual 
BN was obtained to be 22nG/√Hz. Figure 8 compares BN against the capacitance sensitivity 

with conventional MEMS accelerometers. Owing to the high density of gold, the BN of this 

work was more than an order of magnitude lower than those of conventional when 

compared with the same sensitivity performance. 

 

 

 

 
 

(a) 

 
                            (b) 

Figure 7. Measured capacitance and phase as a function of frequency. (a) Experimental 
setup and (b) measurement results. 

ECS Transactions, 97 (5) 91-108 (2020)

95



Table 1 Summary of device characteristics. 

 Design Measured Unit 

m 3.2810-6 3.6210-6 kg 

fres 260 202 Hz 

Q 289 131  

BN 17 22 nG/√Hz 

 

 
Figure 8.  Comparison of BN versus capacitance sensitivity (8,9,17-19,30-32). 

 

 

The material strength analysis of the electroplated Au 

 

This chapter describes the material strength analysis based on the micro-mechanical 

property anisotropy of the electroplated Au film.  

 

Experimental 

 

The Au film was electroplated using a cyanide-based electrolyte (33). The Au film was 

electroplated on a Pt substrate. For the micro-compression test, two Au micro-pillars were 

fabricated by focused ion beam (FIB, Hitachi: FB2100). Details of the electroplating and 

the FIB fabrication are reported in a previous study (33). Dimensions of the Au pillar were 

10×10×20μm3 with a square cross-section, and the long-side was either perpendicular 

(pillar 1, Fig. 9(a)) or parallel (pillar 2, Fig. 9(b)) to growth direction of the Au film.  

The compression test was conducted using a test machine specially designed for micro-

sized specimens equipped with a flat-ended diamond indenter at a constant displacement 

of 0.1μm/s controlled by a piezo-electric actuator. The load resolution was 10μN.  

Crystal structure of the Au film was evaluated by an X-ray diffractometer (XRD, 

Ultima IV, Rigaku), a scanning electron microscope (SEM, S-4300SE, Hitachi) equipped 

with electron back scatter diffraction (EBSD) function, and transmission electron 
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microscopy (TEM, 200kV, JEM2100, JEOL). Deformation behavior of the specimens was 

observed by a scanning ion microscope (SIM) equipped in the FIB. 

 

Results and Discussion  

 

Microstructures of the Au micro-pillars before and after the micro-compression test 

are shown in Figs. 9(c) to (f). Columnar texture-like microstructures having the long-axis 

perpendicular to the long-side of pillar 1 were observed. The long-axis of the micro-

columnar textures were parallel to the long-side of pillar 2.  

After the compression test, brittle fracture along the texture boundary was observed in 

     
Figure 9. Schematic views of (a) pillar 1 and (b) pillar 2. SIM images of (c) (d) pillar 1 
and (e) (f) pillar 2 before and after compression test. 

 

(c) Pillar 1 

5μm 

(f) Pillar 2 

5μm 

(d) Pillar 1 

5μm 

(e) Pillar 2 

5μm 

(a) (b) 
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pillar 1. In contrast, deformation with slip lines was observed in pillar 2, and it was 
generally defined as multiple slip deformation (34). Figure 10 shows the engineering stress-
strain curves. Load drops and non-continuous change of the slope were observed in the 
plastic region for pillar 1, while the slope remained almost constant in the plastic region 
for pillar 2. Considering the deformation behavior of pillar 1, the load drop and the change 
in the slope are attributed to the brittle fracture. Pillar 1 showed a higher Y (ca. 650MPa) 
than that of pillar 2 (ca. 300MPa). These anisotropies in the deformation behavior and the 

Y can be explained by the information obtained from the microstructure analysis. The 
XRD pattern showed typical result of FCC Au and strong intensity for the peak of [200] 
orientation, shown in Fig. 11(a). Grain size of the Au film was estimated using the XRD 
result and the Scherrer equation. The grain size was estimated to be 14.7nm. From EBSD 

mapping with respect to the transverse direction (TD, Fig. 11(b)), the normal direction (ND, 

Fig. 11(c)), and the reference direction (RD, Fig. 11(d)), the Au film was confirmed to be 

composed of columnar grains, where the long-axis is parallel to growth direction of the Au 

film, and all grains showed [001] direction. This orientation is consistent with the XRD 

result, which the dominant peak is the peak of [200] orientation. On the hand, the grain size 

calculated from the EBSD mapping images was about 1.34μm, which is much larger than 
the value obtained from the Scherrer equation. The difference observed in the grain size 

was further clarified through TEM observation. As shown in Fig. 11(e), columnar grains 

were observed. Width of the grains is ca. 16~40nm, which corresponds well with the grain 

size calculated using the Scherrer equation. From the XRD, the EBSD mapping, and the 

TEM results, we can summarize that the Au film is composed of columnar textures with 

an average width of 1.34μm, and each texture is composed of columnar grains having an 
average width at about several tens of nanometer. In addition, the micro-columnar 

textures and the nano-columnar grains have the same crystal orientation, and the grain-like 

microstructures observed in EBSD mapping are confirmed to be textures. The anisotropy 

observed in the deformation behavior and the Y can be explained from the columnar 

microstructures. For pillar 2, multiple slip deformation often occurs when FCC single 

crystal was compressed along [100] direction (34). Grains of the Au film are oriented in 

[100] direction. The grains in pillar 2 were compressed along the long-axis, which is the 

[100] direction. This led to formation of the slip lines shown in Fig. 9(f). Regarding the 

     
Figure 10. Engineering stress-strain curves. 
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difference in the Y, for pillar 1, the compression direction is perpendicular to the long-axis 

of the nanograins, which are orientated in [100] direction. Hence the compression can be 

treated as compression of grains with random orientation. In contrast, pillar 2 was 

compressed along [100] direction. In this compression direction, the compression can be 

deemed as compression of assemblies of columnar single crystals having the same crystal 

orientation. Because of the difference in the compression conditions, the relationship 

between critical resolved shear stress CRSS and Y is different for pillar 1 and 2. For 

compression of randomly oriented crystals (pillar 1), the relationship is represented by the 

Taylor model (35):  

 𝜎𝑌,𝑃𝑖𝑙𝑙𝑎𝑟 = 𝑀𝜏  ,                               [ ] 
 

where, M is the Taylor factor, and the value is about 3.1 for FCC metal. For compression 

of assemblies of single crystals (pillar 2), the relationship is represented by the Schmid 

model [36]: 

 

   
Figure 11. (a) XRD pattern and EBSD mapping coresponds to the (b) TD, (c) ND, and 
(d) RD, and (e) bright field TEM image of Au film. 
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𝜎𝑌,𝑃𝑖𝑙𝑙𝑎𝑟 = 𝜏cos 𝜃 cos 𝜑 ,                           [ ] 
 

where, cosθcosφ is the Schmid’s factor. The Schmid’s factor for single crystals deformed 
along [100] direction is 0.408. Ratio of the Y’s ( Y,Pillar 1/ Y,Pillar 2) obtained from eqs. [3] 

and [4] is 1.26, which shows the estimated Y of pillar 1 is higher than the Y of pillar 2. 

This is consistent with the Y’s obtained from the stress-strain curves, the Y of pillar 1 is 

650MPa and the Y of pillar 2 is 300MPa. On the other hand, ratio of the Y’s obtained 
from stress-strain curves is about 2.16. The difference in the ratio might be attributed to the 

texture boundary. The texture boundary is expected to affect the strength similar to the 

grain boundary (37).  

Average width of the textures is 1.34μm, and dimensions of the micro-pillar are 

10×10×20 μm3. This implies that pillar 1 would contain more number of textures and of 

course larger texture boundary area than that in pillar 2. Therefore, the texture boundaries 

contributed to the strengthening and resulted higher ratio of the Y’s.  

 

 

Early-Stage Diagnosis of Parkinson’s Disease 

 

This chapter describes the validity of applying the MEMS accelerometer to the diagnosis 
of Parkinson’s disease.  

 

Background 

 

Analysis of abnormal gait can provide important information about diseases and 
injuries. For example, patients with Parkinson’s disease (PD) often exhibit shuffling, 
festinating, and freezing of gait. The most widely used clinical rating scale for PD, the 
Unified Parkinson’s Disease Rating Scale, includes observation of gait (38). Patients with 
cerebellar disorders sometimes have a wide-based (atactic) gait, and those with cerebral 
vascular disease sometimes exhibit a hemiplegic gait. Recent articles have reported 
changes in gait, such as reduced gait velocity and stride length, in diseases with gait 
disorders and in other conditions, such as Alzheimer’s disease (39) and depression (40). 

Clinical gait analysis is performed mostly by health-care providers using visual 
observation (41). Although this method is the most readily accessible means of gait analysis 
available to health-care providers (42), it is a subjective and qualitative method that is 
inadequate for assessing changes in gait features during ongoing treatment interventions. 
It is also difficult for clinicians to share this information with health-care providers and 
patients. Motion capture systems are used in clinical research for gait analysis (43) and 
scientific research (44). Because they provide well-quantified and accurate results, these 
systems are currently considered to be the criterion standard for clinical gait analysis (45). 
While the special equipment needed for motion capture is expensive and requires a large 
space, few medical institutions can use these systems for clinical gait analysis (42). 

Several studies have proposed gait analysis methods using inertial measurement units 
(IMUs) to solve the problems (46-50). IMUs used in these methods are inexpensive and 
wearable (51).  In particular, we focused on methods that estimate trajectories of a foot 
because such methods can be used to obtain several spatial gait parameters. Sabatini et al. 
proposed an IMU-based gait analysis method that estimates a two-dimensional trajectory 
in the sagittal plane of a foot during walking (46). Other studies have proposed gait analysis 
methods that estimate the three-dimensional foot trajectory during walking in a stepwise 
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manner to obtain values of foot clearance (48, 50, 52). The trajectory estimation methods 
reported in several studies (46, 50, 52-54) use an IMU attached on the dorsum of the foot 
and are better for obtaining this gait feature. As described above, and to the knowledge of 
the authors, there is no report of a method that estimates three-dimensional foot trajectory 
from an IMU attached on the shank during waking in a stepwise manner to calculate 
simultaneously spatial and temporal clinical gait parameters, including stride length, gait 
speed, stride duration, stance duration and swing duration.  

In this study, we demonstrate the validity of the proposed giant analysis method using 
MEMS accelerometer while comparing the motion capture analysis.  

 

Experimental 
 

Our proposed gait analysis system is illustrated in Fig. 11(a). For gait analysis, we used 
two IMUs (TSND121, ATR-Promotions, Kyoto, Japan; Fig. 11(b)) with a triaxial 
accelerometer (±8G range), triaxial gyroscope (±1000° per range), and Android OS tablet 
(ZenPad10, ASUSTeK Computer Inc., Taipei, Taiwan; Fig. 11(c)). Raw accelerometer and 
gyroscope signals were sampled at 100Hz (16 bits per sample). The size of the IMU is 
37mm46mm12 mm and its weight is about 22g. IMUs are attached on the shanks (just 

above the ankles) with bands as shown in Fig 11(b). The inertial coordinate system used to 
represent foot orientation and position is also shown in Fig. 11(b). Acceleration and angular 
velocity data of both the shanks measured during walking are transmitted to the tablet 
through Bluetooth.  

We conducted an experimental evaluation of our proposed method to validate the 

 

 
Figure 11. The proposed gait analysis system. 

 

 
Figure 12. Motion capture system. 
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accuracy of the trajectory estimation of the shanks (just above the ankles) to verify whether 
it allows the analysis of gait for clinical purposes. Twenty healthy people participated in 
the experiment, and we used a motion capture system as the criterion standard for the 
evaluating gait in a clinical setting. We evaluated the accuracy of our proposed method for 
calculating the estimated trajectory and clinical gait parameters. We used an IMU attached 
on the shanks for the experimental evaluation. 

An optical motion capture system (Nobby Tech. Ltd., Tokyo, Japan) was used as the 
reference system. We used 12 cameras, and the motion capture volume was about 2m ±7m 
±1m (width, length, and height) as shown in Fig. 12(a). The position error of the markers 
of the motion capture system during the calibration was less than 1mm. The dimensions of 
the floor of the room were 18m ±7m (length and width) as shown in Fig. 12(a). Three 
optical markers were attached on each foot as shown in Fig. 12(b). Two of the three markers 
were attached on the heel and the toe (metatarsal head II) to assess gait parameters. The 
third marker was attached on the IMU to evaluate the trajectory estimation. To synchronize 
the IMU and the motion capture system, the participants hit their heel to the floor before 
the gait measurement. The peaks of the spike waveforms, that were caused by the heel hits 
of the participants, in both the IMU signals and the motion capture system data were used 
to define time 0. We recruited 20 able-bodied volunteer participants, with no history of gait 
abnormalities, from the Tokyo Institute of Technology for the experimental evaluation. The 
Ethics Committee of Tokyo Institute of Technology approved the protocols for the 
evaluation, and all participants provided their written informed consent. Because of 
technical problems with the motion capture system, the data for one of the 20 volunteer 
participants were excluded from the analyses. Ultimately, we used data from 19 participants 
(mean age 23.9 years, 9 men and 10 women, mean height 1.66±0.07m and mean body mass 
index 20.2±2.7). 

As an example of the application of the proposed method to PD patients, we used the 
method to analyze gait in one healthy elderly participant and four patients with PD. The 
healthy elderly participant was recruited from a public interest incorporated association in 
Machida City, Tokyo that provides human resource services for elderly people. Patients 
with PD were recruited from Kanto Central Hospital, Tokyo. PD had been diagnosed by a 
physician. The exclusion criteria for this study were past history of other neurological or 
orthopedic disorders that can affect gait or posture (excluding PD). The healthy elderly 
participant and the four PD participants provided written informed consent in accordance 
with requirements of the Ethics Committee of Tokyo Institute of Technology. The Kanto 
Central Hospital Ethics Committee and the Ethics Committee of Tokyo Institute of 
Technology approved the protocol for the application of the proposed method. 

To construct the spike waveforms for synchronization between the IMU and the 
motion capture system, the participants hit their heel to the floor before the gait 
measurement. In two trials, the participants walked on a flat floor at their own self-selected 
natural pace and a slow pace. In each trial, the participants walk straight in the motion 
capture volume and turned outside of the motion capture volume. Thus, each trial 
comprised four straight walks (two round trips; Fig. 12(a)). We used the gait data obtained 
as the participants walked in the motion capture volume and removed the gait data as the 
participants turned outside of the motion capture volume. 

To consider the validity of the estimation of foot trajectory from IMUs attached on the 
shanks, we calculated correlations between stride length estimated with the proposed 
method, measured with a motion capture marker attached on the IMU, and measured with 
a motion capture marker attached on the heel. 
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Results & Discussion 

 

To evaluate the proposed method, the shank (just above the ankle) trajectory and 
clinical gait parameters calculated by our proposed method were compared with those 
collected by the motion capture system. The comparisons of trajectory information were 
conducted in the sagittal plane. Five clinical gait parameters of (1) stride length, (2) gait 
speed, (3) stride duration, (4) stance duration, and (5) swing duration were compared.  

The trajectories of our proposed method and the reference data are shown in Fig. 13. 
The R value between displacement in the direction of forward movement calculated with 
the proposed method and measured with a marker attached on the IMU was 0.978 as shown 
in Fig. 14(a). The R value between the maximum vertical displacement calculated with the 
proposed method and measured with a marker attached on the IMU was 0.925 as shown in 
Fig. 14(b). The R value between displacement in the direction of forward movement 
calculated with the marker attached on the IMU and that measured with the marker attached 
on the heel was 0.994 as shown in Fig. 14(c). Figure 15 shows the agreement between the 
proposed method and the motion capture system in Bland–Altman plots. The mean±1 SD 
accuracy of stride length was 0.054±0.031m as shown in Fig. 15(a). The R value between 
displacement in the direction of forward movement calculated with the proposed method 
and measured with a marker attached on the heel was 0.978 (Fig. 15(a)). The mean ±1 SD 
accuracy were as follows: 0.034±0.039m/s for gait speed (Fig. 15(b)); 0.002±0.020s for 
stride duration (Fig. 15(c); 0.000±0.017s for stance duration (Fig. 15(d)); and 0.002±0.024s 
for swing duration (Fig. 15(e)). The shank trajectory over 15 steps for each participant is 
shown in Fig. 16. 

 

 
Figure 13. Comparison of Accelerometer and motion capture. 

 

 
Figure 14. The trajectories of our proposed method and the reference data. 
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 We have proposed a new method for gait analysis that uses IMUs attached on the 
shanks to estimate foot trajectory and then to obtain estimated clinical gait parameters. The 
gait parameters obtained with the proposed method consists of stride length, gait speed, 
stride duration, stance duration, and swing duration. The experimental results show that the 
proposed method can be used to calculate clinical gait parameters by estimating foot 
trajectory. The proposed gait analysis method comprises two IMUs with a tri-axial 
accelerometer, tri-axial gyroscope, and tablet computer. This method can be applied in a 
variety of locations outside of the gait laboratory and is less expensive than conventional 
gait analysis methods such as motion capture systems. The clinical advantage is that the 
patient burden is low because of the light weight (about 24g) and easy attachment of the 
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displacement in the direction of forward 
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IMUs. We therefore anticipate that the proposed method would be suitable for clinical gait 
analysis. As for the location of the IMUs, the R value between displacement in the direction 
of forward movement as measured with the marker attached on the IMU and as measured 
with the marker attached on the heel (0.994) indicates that the location of the IMUs is valid 
at least for estimating the stride length. The R value between displacement in the direction 
of forward movement as estimated by the proposed method and as measured with the 
marker of the motion capture system attached on the IMU indicates that displacement in 
the direction of forward movement estimated by the proposed method explained 96% of 
the variation in displacement in the direction of forward movement as measured with the 
motion capture system.  

The mean error of stride length estimated with the proposed method was 
0.054±0.031m. This result suggests that the proposed method can estimate clinical gait 
parameters such as stride length. A previous method in which the location of IMU is on the 
dorsum of a foot found that the mean accuracy±precision was 0.015±0.068m (48). The 
IMU location on the shank may cause bias of this order of accuracy. We expected that 
further development of the method will overcome this limitation of performance. Several 
studies (55, 56) have found that stride length is shorter in patients with PD than it is in 
healthy controls as observed in the example of the application of the proposed method. For 
example, Morris et al. (57) reported that stride length in PD patients in the off state was 
0.96±0.19m, which was shorter than the stride length of 1.46±0.08m as measured in healthy 
age-matched controls. The R value between displacement in the direction of forward 
movement estimated by the proposed method and measured with the marker of the motion 
capture system attached on the heel indicates that stride length estimated by the proposed 
method explained 96% of the variation measured with the motion capture system. This 
result suggests that IMUs are potentially useful in clinical gait analysis. We expect further 
development of the proposed method to evaluate the gait in people with PD.  

 

 

Summary 

 

We proposed and demonstrated a gold proof-mass MEMS accelerometer for micro-G level 
sensing. The multi-layer structure of both proof mass and spring can be achieved by the 
multi-layer metal technology so that BN can be reduced. The measurement results of the 
developed MEMS devices were consistent with the design values. The BN was 
experimentally obtained to be 22nG/√Hz. The evaluation results confirmed that the 
proposed MEMS device has potential for micro-G level sensing.  

 Next, the electroplated Au film was confirmed to be composed of nano-columnar 
grains embedded in micro-columnar textures. Brittle fracture was observed in the micro-
pillar having the long-side perpendicular to the long-axes of the columnar microstructures. 
Typical multiple slip deformation observed in polycrystalline specimens was observed in 
the micro-pillar having the long-side parallel to the long-axes. The Y of pillar 1 was 
roughly two times higher than that of pillar 2. The differences in the deformation behavior 
and the Y are suggested to be caused by the differences in the compression direction and 
the total texture boundary area in each pillar.  

 Finally, our results suggest that the proposed method is suitable for gait analysis 
whereas there is room for improvement of its accuracy. Unlike methods that use motion 
capture systems, this method can be used in a variety of locations, such as in the corridor 
of a medical center. Further development of our proposed method is expected to enable 
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clinicians to share objective information about gait features with health-care providers and 
patients.  

 In conclusion, these results of experiments regarding the sensor, the material and the 
diagnosis suggest that our microgravity sensor can pave the way for the early-stage 
diagnosis of Parkinson’s disease.  
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