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Abstract 

The ongoing development in robotics has enabled socially interactive robots (SIR) to contribute towards elderly care. Various 
studies on using therapeutic robots in health care for elderly people conducted for the last decade have indicated the 
effectiveness of these methods. To capture and retain attention among elderly, there is a need to develop multimodal robots 
convincingly mimicking customizable social interaction between a human and robot. We developed our own therapeutic robot 
dog platform, named SNOWY, which provides a customizable level of interaction with patients, advanced motion and the 
ability to integrate with other interactive devices to provide a complete kit based on individual needs. 
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1. Introduction 

Various studies on using therapeutic robots in health care for elderly people conducted for the last decade have 
indicated the effectiveness of this method to improve moods and depression, encourage communication, decrease 
stress level and physiological improvement [1]–[11]. Vast research work has been carried to design efficient 
quadruped robots[12]–[17] Studies suggest that pet robots can positively affect the wellbeing of elderly in nursing 
home.  Commonly used robots in those studies including: Seal-like therapeutic robot PARO, entertainment robot 
dog AIBO, cat-like robot Necoro, etc. in which they have their own advantages and drawbacks. For instant, PARO  
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and Necoro have a high level of implemented behaviors [2] as well as sensing and recognition but limited in motion 
and a great concern on cleaning and hygienic issues after a period of usage [11]. Similarly, AIBO and other pet-like 
robots have some degrees of advanced motion like walking, dancing, rolling but lack of stability in engaging 
between users and robot compared with living animal [2] and the ability to be upgradable. Moreover, these 
therapeutic robots operate independently as a black-box without collaborating with other supportive devices and 
games which restrict the potential to develop more activities for patients. Thus, we developed our own therapeutic 
robot dog platform, named SNOWY, which provides customizable level of interaction with patients, advanced 
motion and the ability to integrate with other interactive devices to provide a complete kit based on individual 
needs. 
 

Nomenclature 
𝑃𝑃(𝑥𝑥, 𝑦𝑦) – coordination of point 𝑃𝑃 in 𝑥𝑥, 𝑦𝑦 direction. 
𝑃𝑃𝑖𝑖 – coordination of point 𝑖𝑖 in the walking trajectory 
𝑙𝑙 – link length, [mm]  
𝜃𝜃𝑖𝑖  – joint 𝑖𝑖 angle, formed by link 𝑖𝑖 and link 𝑖𝑖 − 1, [rad] 
𝛼𝛼 – end-point angle, respect to platform horizon, [rad] 

𝛽𝛽 – end-point angle, respect to link 1, [rad] 
𝑑𝑑 – one-third of the support trajectory length, [mm] 
𝑛𝑛 – walking cycle 
𝑠𝑠𝑠𝑠𝑠𝑠 – moving speed in support phase, [rad/s] 
𝒔𝒔𝒔𝒔𝒔𝒔 – moving speed in swing phase, [rad/s] 

2. The robotic dog platform for elderly companionship –  SNOWY 

The dog robot, SNOWY is shown in Fig. 1. Its appearance is designed using a small dog as a model, and its 
surface covered with white faux fur. The face resembles a cute puppy and the fur coat gives a soft natural feel when 
cuddling. Snowy is equipped with sensors to receive inputs from peripheral devices and respond by actions like 
walking, nodding head, squatting and play sound or music based on user inputs. 

 

   

Fig. 1. Mechanical hardware design of the robot platform.-CAD design (a) bared mechanical frame without cover (b) and with soft fur covers (c) 
of the platform. The cover can be easily removable for washing and cleaning. 

2.1. Hardware design 

The development of SNOWY has gone through number of iteration with changes in the mechanical design, 
control system, walking gait and interactive peripheral interfaces to achieve the final design as shown in Fig. 1. 
SNOWY consists of 4 legs and a flexible neck. Each leg is driven by 3 smart servo motors while the head of the 
robot dog is attached with the body by a 2-degree of freedom servo motor system which acts as a neck. In total, 
there are 14 smart servo motors shared the same communication interface controlled by the main controller board. 
This makes SNOWY very flexible and configurable in terms of motion control. The platform’s main chassis is 
formed by a 1.5mm A5-size Aluminum alloy plate to provide strong support for other parts yet reduce the weight 
of the entire platform. Other components such as body frame, head, links, brackets and hooves were designed and 
3D printed with PLA material to further lighten the platform weight and make it easily replicable and replaceable. 
The minimal design shape for the chassis ensures appropriate modularity and allows a symmetric and adequately 

(a) (b) (c) 
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large workspace when different sensor fusion is to be integrated. Variable footpads are installed to run test trials 
and operations on different terrains. Table 1 presents the general characteristics of the platform in terms of 
mechanical hardware, electronic controller and actuators aspect. A custom-made controller based on 
ATMEGA2560 microcontroller was designed to perform centralized computation and integrate different 
peripherals including touch, sound, vision and motor control connectivity as seen in Fig. 2. 

Table 1. Characteristics of the mechanical hardware, electronic controller and actuators of the robot platform 

Characteristic Value 

Smart servo motor Wck-1111T 
Controller Custom-made ATMEGA2560 controller board 
Sensing system Capacitive proximity touch 
Communication XBee 802.15.4 standard 
Power supply 7.2V 1.5Ah LiPo battery 
Total weight (Mrobot) 1200g 
Total DOF 14 

 

 

Fig. 2. Control system architecture of SNOWY 

As mentioned in the previous part, all 14 smart servo motors share the same serial connection port which 
provides a neat solution for wiring of multiples motors. Each servo motor has a unique identification (ID) address 
and different command sets to separately control the position, speed and acceleration accurately. The controller 
board also has the capability of proximity sensing up to 12 individual capacitive electrodes. However, for a spatial 
consideration, 8 electrodes are distributed at different locations on the SNOWY’s body for this current platform. 
These electrodes are being used as the biomimetic stimulus of the robot to provide a set of reactive motions and 
sounds feedback through an in-built speaker accordingly. Wireless communication with other supportive 
peripherals, shown in Fig. 2,Error! Reference source not found. through ZigBee mess network is another feature 
of this platform compared to other therapeutic robot platforms. Furthermore, the entire platform is powered by a 
7.4V, 1500mAh LiPo battery which provides continuous operation for more than one hour after fully charged. 

2.2. Motion control 

To make SNOWY a lively and interactive robot platform, different sets of motion is implemented which can be 
classified into two groups: basic motions and advanced motions. 
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2.2.1. Basic motions 

Basic motion of the platform includes sitting, standing, head nodding and head shaking. For these simple 
motions, a pre-defined coordination and movement sequences of each joint are programmed into several 
subroutines that can be called when needed.  

2.2.2. Advanced motions 

Advanced motion including walking, dancing and swinging requires a higher level of computation and 
cooperation among all 14 motors to provide smooth and stable movement of the platform. To achieve this, inverse 
kinematics calculation has been implemented into the advance motion algorithm to offer such solution. Since the 
robot platform has 4 legs, let us define the names for four legs in respect to their relative positions on the body 
platform, which will be used in later part for identifying and calculation of the walking synchronization. Fig. 3 
presents the definition of four legs on the platform, which are Left Fore (LF); Right Fore (RF); Left Hind (LH); and 
Right Hind (RH). 

 

 

Fig. 3. Definition of four legs of the robot with respect to their relative position on the platform, which are called: Left Fore (LF); Right Fore 
(RF); Left Hind (LH); and Right Hind (RH). 

a. Inverse kinematics solution for robot leg model 

              

Fig. 4. Frame allocation of the simplified model of the leg with notations for different joint angles 

As can be seen from Fig. 4 (left), the end position 𝑃𝑃(𝑥𝑥, 𝑦𝑦) of the leg is unique for any set of joint angles 𝜃𝜃1 and 
𝜃𝜃2. This is also known as the forward kinematics problem. However, the known information now is the position 
where the leg should be located, multiple joint angles need to be calculated to control the corresponding motors to 
move the leg to that desired position by solving the inverse kinematics problem. Since the leg only comprises two 
links, we simply implemented the geometric approach with restrictions on joint limits to reduce the computation to 
the controller of the robot. By cosine theorem, we have:  

 𝑃𝑃𝑥𝑥
2 + 𝑃𝑃𝑦𝑦

2 = 𝑙𝑙1
2 + 𝑙𝑙2

2 − 𝑐𝑐 cos(𝜋𝜋 − 𝜃𝜃2) (1) 

where 𝑃𝑃𝑥𝑥 and 𝑃𝑃𝑦𝑦 are coordination of the end point 𝑃𝑃; 𝑙𝑙1 = 45 𝑚𝑚𝑚𝑚 and 𝑙𝑙2 = 85 𝑚𝑚𝑚𝑚 are the lengths of link 1 and 
link 2 respectively and 𝜃𝜃2 is the rotating angle of joint 2. From (1), the rotating angle 𝜃𝜃2 can be calculated by 
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solving the equation: 

 𝜃𝜃2 = cos−1 (
𝑃𝑃𝑥𝑥

2 + 𝑃𝑃𝑦𝑦
2 − 𝑙𝑙1

2 − 𝑙𝑙2
2

2𝑙𝑙1𝑙𝑙2
) (2) 

Noted that the condition to have this equation solvable is that the end-point 𝑃𝑃 must be inside the reachable 
workspace of the two links, which can be represented as: 

 √𝑃𝑃𝑥𝑥2 + 𝑃𝑃𝑦𝑦2 ≤ 𝑙𝑙1 + 𝑙𝑙2 (3) 

The solution for 𝜃𝜃2 will have two configurations, 𝜃𝜃2 ∈ (−𝜋𝜋, 0) and 𝜃𝜃2 ∈ (0, 𝜋𝜋). Since the mechanical hardware 
was designed to allow the motor of joint 2 to move in range of (−𝜋𝜋, 0), this solution is selected. Subsequently, the 
𝜃𝜃1 of joint 1 is calculated based on the solution of 𝜃𝜃2. Let us define the angle 𝛼𝛼 and  𝛽𝛽 as seen from Fig. 4 (right). 
We have: 

 𝛼𝛼 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2(𝑃𝑃𝑥𝑥,  𝑃𝑃𝑦𝑦) (4) 
and from cosine theorem,  

  𝛽𝛽 = cos−1 (
𝑃𝑃𝑥𝑥

2 + 𝑃𝑃𝑦𝑦
2 − 𝑙𝑙1

2 − 𝑙𝑙2
2

2𝑙𝑙1√𝑃𝑃𝑥𝑥2 + 𝑃𝑃𝑦𝑦2
) (5) 

where 𝛽𝛽 ∈ (0, 𝜋𝜋). Based on (4), (5) and the condition of 𝜃𝜃2 ∈ (−𝜋𝜋, 0), the joint 1 angle 𝜃𝜃1can be simply calculated 
by 

 𝜃𝜃1 = 𝛼𝛼 + 𝛽𝛽 (6) 

From (2) and (6), the inverse kinematics solution for every desired position 𝑃𝑃(𝑥𝑥, 𝑦𝑦) is unique as long as 𝑃𝑃(𝑥𝑥, 𝑦𝑦) 
satisfies the condition stated in (3). 

b. Walking trajectory for standard walking motion 

Once the angles of two joints of each leg are uniquely determined, we now introduce the simple walking 
trajectory which drives the motion of the leg in the way that the dog could move forward stably. Fig. 5 illustrates 
such trajectory (dotted, pink color) which is basically a rectangular shape trajectory. 

 

 

Fig. 5. Rectangular shape trajectory was chosen as walking trajectory for its simplicity. 

The walking trajectories are determined by four anchor points, 𝑃𝑃1 
𝑖𝑖 , 𝑃𝑃2 

𝑖𝑖 , 𝑃𝑃3 
𝑖𝑖 , and 𝑃𝑃4 

𝑖𝑖 , connected by 4 lines where 
𝑖𝑖 = 0, 1, 2, 3 is the index of the leg. Each line of the trajectories is then divided into many small segments, in which 
for this case, each segment is 1mm long. By applying linearization method, each segment of the lines is considered 
as a point with different coordination (𝑥𝑥, 𝑦𝑦) and subsequently fed into inverse kinematics equations to solve for two 
joints’ angle. Thus, a data set of joints’ angles is created corresponding to the chosen trajectory. Through trial and 
error method, we determined the dimensions of the walking trajectories as 96mm in length and 20mm in height that 
provides the best stable walking motion corresponding to the current hardware development of the dog. The 
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detailed positions of 4 anchor points 𝑃𝑃1 

𝑖𝑖 , 𝑃𝑃2 
𝑖𝑖 , 𝑃𝑃3 

𝑖𝑖 , and 𝑃𝑃4 
𝑖𝑖  in respect to 𝑖𝑖 frame are as following: 𝑃𝑃1 

𝑖𝑖 = (75, 125); 
𝑃𝑃2 

𝑖𝑖 = (−21, 125);  𝑃𝑃3 
𝑖𝑖 = (−21, 105); and 𝑃𝑃4 

𝑖𝑖 = (75, 105). 

c. Walking phase synchronization of four legs 

Based on the work that has been done in [11]–[14] about synchronization of walking phase for reconfigurable 
Klann linkage, we implemented the similar method to provide smooth walking gait for our quadrupled robot. The 
difference now is lying on the shape of the trajectory, which is marginally simpler in this project. As the platform 
has three legs in support state and one in swing state at all time, the support state is divided into three equal parts 
with two other states in between, say 𝑃𝑃11 and 𝑃𝑃12, which are calculated as follow:  

 𝑑𝑑 =
|𝑃𝑃1𝑥𝑥 − 𝑃𝑃2𝑥𝑥|

3  (7) 

 𝑃𝑃12𝑥𝑥 = 𝑃𝑃2𝑥𝑥 + 𝑑𝑑 (8) 

 𝑃𝑃11𝑥𝑥 = 𝑃𝑃2𝑥𝑥 + 2𝑑𝑑 (9) 

Fig. 6 illustrates all the phases of walking motion that each leg must follow to assure a stable walking motion. 
There are two phases: swing phase (green-dash lines) and support phase (red line) in which leg touch the ground to 
carry the weight of the robot in support phase and swing over the ground for the next walking cycle in swing phase. 
At any specific time, three legs will be in support phase to keep the robot walk or stand steadily. 

Table 2. Walking phase synchronization for 4 legs 

Leg Phase 1 (n) Phase 2 (n) Phase 3 (n) Phase 4 (n) Phase 1 (n+1) 
Left Fore 𝑃𝑃1 𝑃𝑃11 𝑃𝑃12 𝑃𝑃2 𝑃𝑃3 → 𝑃𝑃4 → 𝑃𝑃1 

Right Hind 𝑃𝑃11 𝑃𝑃12 𝑃𝑃2 𝑃𝑃3 → 𝑃𝑃4 → 𝑃𝑃1 𝑃𝑃11 
Right Fore 𝑃𝑃12 𝑃𝑃2 𝑃𝑃3 → 𝑃𝑃4 → 𝑃𝑃1 𝑃𝑃11 𝑃𝑃12 
Left Hind 𝑃𝑃2 𝑃𝑃3 → 𝑃𝑃4 → 𝑃𝑃1 𝑃𝑃11 𝑃𝑃12 𝑃𝑃2 

 

 

Fig. 6. The switching positions between different phases on the walking trajectory. The green part and red part of the trajectory represent leg in 
swing and support phase respectively. 

The walking synchronization of four legs is described in Table 2 where 𝑛𝑛 represents the walking cycle. It can be 
noticed that at some specific phase, each of four legs will perform a transition from support phase to swing phase 
and back to support phase, which is denoted by the sequence in the table. In the transition (swing) phase, the total 
amount of distance the leg in this phase must move is much larger than other legs in support phase. In other words, 
the speed of the leg in swing phase must be much faster than other legs to finish its motion at the same time with 
other legs. Specifically, the speed of legs in each phase can be described as: 

 For legs in support phase, the moving speed is defined as 𝑠𝑠𝑠𝑠𝑠𝑠, which is the distance 𝑑𝑑 over time 𝑡𝑡[𝑠𝑠]. 

𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑑𝑑
𝑡𝑡  (10) 

 For legs in swing phase, the moving speed is calculated as 

𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑠𝑠𝑠𝑠𝑠𝑠 ∗ ‖𝑃𝑃2𝑃𝑃3‖ + ‖𝑃𝑃3𝑃𝑃4‖ + ‖𝑃𝑃4𝑃𝑃1‖
𝑑𝑑  (11) 
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3. The interactive dumbbell 

The dumbbell as shown in Fig. 7 (a) is essentially a custom-design Inertial Measurement Unit (IMU) chip which 
relies on the physical coordinates of how and where the dumbbell is moved. Depending on which action is 
performed to the dumbbell, corresponding commands will be sent to the dog to control its motion accordingly. The 
means of this peripheral is to encourage the target users to exercise with more intent in which SNOWY acts as a 
motivator. The IMU sensing board depicted in Fig. 7 (c), named as ActSense, also has capacitive sensing capability 
which is used to activate the circuit when the dumbbell is being held by the user. Implementing such a system 
enables the dumbbell to be very sturdy and easily accessible. The ActSense IMU sensor of the dumbbell will 
extract useful information from its gyroscopes and accelerometers to detect the movement of the arm, elbow and 
wrist to command SNOWY to walk, sideway swing and dance respectively. Hence numerous possibilities for joint 
activation and rehabilitation are possible for the user when using the kit. 

         

Fig. 7. Interaction between the hand motion through the dumbbell and SNOWY movements (a). Block diagram (b) and the Printed Circuit 
Board (PCB) (c) of the ActSense IMU board – the core of the interactive dumbbell 

4. The interactive gloves 

The gloves enable the elderly to control SNOWY’s movements through the tips of their hands with each 
fingertip touching to one another allows the user to control the sitting, squatting, standing, moving and play music 
function. When the thumb touches the other four fingers the MCU identifies the finger and executes the specific 
action as programmed. An XBee transmitter with MCU inside the glove will then transmit a signal to the receiver, 
Snowy for appropriate action. 

5. Reminiscence Therapy – Card and Block game 

It works by helping the elderly remember about the past, by having a nostalgic feeling. RFID cards and readers 
are being used. A LCD will also be included into the game. Firstly, when the elderly turns on the game, there will 
be 2 options available; pictures or colors. The picture game mode allows elderly to verify the location while color 
game mode helps elderly differentiate assorted colors. As the game starts, each picture or color will be shown on 
the LCD. A set of cards will be given to the elderly as part of the game. The elderly must match either the picture 
or colors respectively with the set shown on the LCD. When the cards match, the next image will appear, until the 
end of the game. An XBee transmitter will then transmit a signal to the receiver, Snowy to respond, when the 
elderly gets the set correct. 

(a) (c) (b) 
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detailed positions of 4 anchor points 𝑃𝑃1 

𝑖𝑖 , 𝑃𝑃2 
𝑖𝑖 , 𝑃𝑃3 

𝑖𝑖 , and 𝑃𝑃4 
𝑖𝑖  in respect to 𝑖𝑖 frame are as following: 𝑃𝑃1 

𝑖𝑖 = (75, 125); 
𝑃𝑃2 

𝑖𝑖 = (−21, 125);  𝑃𝑃3 
𝑖𝑖 = (−21, 105); and 𝑃𝑃4 

𝑖𝑖 = (75, 105). 

c. Walking phase synchronization of four legs 

Based on the work that has been done in [11]–[14] about synchronization of walking phase for reconfigurable 
Klann linkage, we implemented the similar method to provide smooth walking gait for our quadrupled robot. The 
difference now is lying on the shape of the trajectory, which is marginally simpler in this project. As the platform 
has three legs in support state and one in swing state at all time, the support state is divided into three equal parts 
with two other states in between, say 𝑃𝑃11 and 𝑃𝑃12, which are calculated as follow:  

 𝑑𝑑 =
|𝑃𝑃1𝑥𝑥 − 𝑃𝑃2𝑥𝑥|

3  (7) 

 𝑃𝑃12𝑥𝑥 = 𝑃𝑃2𝑥𝑥 + 𝑑𝑑 (8) 

 𝑃𝑃11𝑥𝑥 = 𝑃𝑃2𝑥𝑥 + 2𝑑𝑑 (9) 

Fig. 6 illustrates all the phases of walking motion that each leg must follow to assure a stable walking motion. 
There are two phases: swing phase (green-dash lines) and support phase (red line) in which leg touch the ground to 
carry the weight of the robot in support phase and swing over the ground for the next walking cycle in swing phase. 
At any specific time, three legs will be in support phase to keep the robot walk or stand steadily. 

Table 2. Walking phase synchronization for 4 legs 

Leg Phase 1 (n) Phase 2 (n) Phase 3 (n) Phase 4 (n) Phase 1 (n+1) 
Left Fore 𝑃𝑃1 𝑃𝑃11 𝑃𝑃12 𝑃𝑃2 𝑃𝑃3 → 𝑃𝑃4 → 𝑃𝑃1 

Right Hind 𝑃𝑃11 𝑃𝑃12 𝑃𝑃2 𝑃𝑃3 → 𝑃𝑃4 → 𝑃𝑃1 𝑃𝑃11 
Right Fore 𝑃𝑃12 𝑃𝑃2 𝑃𝑃3 → 𝑃𝑃4 → 𝑃𝑃1 𝑃𝑃11 𝑃𝑃12 
Left Hind 𝑃𝑃2 𝑃𝑃3 → 𝑃𝑃4 → 𝑃𝑃1 𝑃𝑃11 𝑃𝑃12 𝑃𝑃2 

 

 

Fig. 6. The switching positions between different phases on the walking trajectory. The green part and red part of the trajectory represent leg in 
swing and support phase respectively. 

The walking synchronization of four legs is described in Table 2 where 𝑛𝑛 represents the walking cycle. It can be 
noticed that at some specific phase, each of four legs will perform a transition from support phase to swing phase 
and back to support phase, which is denoted by the sequence in the table. In the transition (swing) phase, the total 
amount of distance the leg in this phase must move is much larger than other legs in support phase. In other words, 
the speed of the leg in swing phase must be much faster than other legs to finish its motion at the same time with 
other legs. Specifically, the speed of legs in each phase can be described as: 

 For legs in support phase, the moving speed is defined as 𝑠𝑠𝑠𝑠𝑠𝑠, which is the distance 𝑑𝑑 over time 𝑡𝑡[𝑠𝑠]. 

𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑑𝑑
𝑡𝑡  (10) 

 For legs in swing phase, the moving speed is calculated as 

𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑠𝑠𝑠𝑠𝑠𝑠 ∗ ‖𝑃𝑃2𝑃𝑃3‖ + ‖𝑃𝑃3𝑃𝑃4‖ + ‖𝑃𝑃4𝑃𝑃1‖
𝑑𝑑  (11) 
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6. The Music therapy game 

The game has a randomly generated sequence with different LED lighting up at a different time. With each 
level, more LEDs will light up. Repeated patterns may occur too. The player must remember the sequence as it will 
be played only once. After that, the player must follow the exact sequence out by pressing touch pad at the 
according to the sequence of LEDs lighted up. This game has time no limit and will challenge the user to go as high 
level as possible. However, if the wrong button is pressed, Snowy will react to the game. The game will then return 
to the first level. 

7. Conclusion 

We have developed our own therapeutic pet robot that can interact with elderly using interactive devices..The kit 
can be used as an intervention and assessment tool for elderly to improve quality of life. It will reduce the workload 
of the caregivers as well as mitigate the possibility of physical and emotional setbacks of the elderly. The research 
is ongoing, but a useful method of robot therapy application has been obtained based on the elderly and therapist 
feedback. The walking speed can be tuned to meet individual elderly needs. Therapist can use the developed device 
to conduct long term studies on elderly health benefits when interacting with interactive pet robot.  
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